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Preface 


Lightning in the Electrical Industry. The lightning 

roblem as ‘it affects the electrical industry today has been 
brought into prominence by: (1) the transmission of large 
blocks of power over long distances; (2) the interconnec- 
tion of power systems requiring reliable transfer of load; 
and (3) the importance of maintaining continuity of serv- 


ice under all practical conditions. That the lightning 


problem was one closely related to the economic develop- 
ment of the transmission and utilization of electric energy 
has been recognized since the early days of electric power 
transmission. Not only was it important to build lines 
that were highly immune to lightning, but it also was 
necessary to provide and protect terminal equipment to 
feed energy into and take energy from such transmission 
systems. _ ae 

As lightning was one of the main obstacles to putting 
such a program into successful operation, the industry 
very early recognized the necessity of making a frontal 
attack on the lightning problem. 


Progress in Our Understanding of Lightning Phenomena. 
Through joint co-operation of the larger private utilities 


and manufacturers, an extensive field research was started 
: i] 


some 10 years ago to determine the effects of natural 
lightning on electric systems. Voltage and current wave- 
shapes and magnitudes associated with natural lightning 
were measured on transmission lines in the field as sensi- 
tive indicating and recording instruments were developed. 
These instruments included the klydonograph, surge- 
voltage recorder, cathode-ray oscillograph, lightning- 
stroke recorder, and surge-crest ammeter. The labora- 
tories, which initially were handicapped by a lack of 
knowledge of the characteristics of lightning, kept pace 
with the research by the development of high-voltage 
lightning generators, and an improvement of measuring 
technique.. ‘Then, too, much activity was stimulated in 


determining the lightning or impulse strength of various 


insulations and apparatus. Designers of equipment and 
of complete generating, transmission, and distribution 


_ systems were thus for the first time able to give considera- 
tion to the problem of protection against the effects of 
lightning on a sound basis. Designers of protective 
equipment had.a better understanding of the destructive 


forces their devices had to resist and control. 

Gradually a clearer and more definite picture of the 
characteristics of lightning as it affected transmission 
lines and equipment appeared. Theories of lightning 
behavior as they were presented could be investigated 
and tested under actual operating conditions. Protec- 
tive devices and methods of applying them were developed, 
not only on the basis of theory, but also on the basis of 
actual test data obtained in the field and laboratory. 
Field research, theory, laboratory investigation, and prac- 


tical application thus were able to go hand in hand to 


unfold the mysteries of lightning, and place protection 


against its destructive effects on a sound engineering 


basis. Much of the work outlined above was presented 


to the engineering industry by papers and publications in 


the technical press as results of the work became available. 


Purpose and Scope of Lightning Reference Book. 


Early in 1935. the lightning and insulator subcommittee © 


of the AIEE committee on power transmission and dis- 
tribution proposed that a large part of the work done on 
the subject be collected into one book for accessibility 
and ready reference. The idea was enthusiastically re- 


ceived, and the present book is the result. This book is © 


intended to include the outstanding articles tracing the 
progress made during the past 18 years (1918-1935). 
During this time a search has been made for a better and 
more thorough understanding of lightning as it affects 
the art of electric generation, transmission, and distribu- 
tion, and to understand the protective methods that have 
been employed to combat it. 


Compilation of Book. More than 425 separate 
papers and publications were indexed and reviewed by the 
lightning and insulator subcommittee in preparing this 
book. Of these more than 200 have been reproduced 


complete; the remaining papers have been indexed for 


reference purposes. The necessity of keeping the book 

from becoming too bulky and unwieldy, and of holding 

the cost within bounds, led to the adoption of the present 

size of volume and to the use of the offset process in its 

printing. It is for these reasons also that the contents 

of this book have been confined to American publications. 
In reviewing and selecting papers, the attempt was 

made to cover comprehensively the following branches 

in the lightning field: : 

1. Theories of lightning. 

2. Laboratory research, including the cathode-ray oscillograph, 

lightning generators, and technique of laboratory’ circuits and 

measurements. 

3. Field research. 

4. Field operating experience. 

5. Protection against lightning, including the protective devices 

used, and: the general theory of protection applied to apparatus. 


Publication. This book has been published by 
authority of the American Institute of Electrical Engi- 
neers, under the sponsorship of its committee on power 
transmission and distribution. The active work pre- 
ceding publication was carried out by the lightning and 
insulator subcommittee of that committee. The AIEE 
publication committee, with the assistance of the head- 
quarters publication staff, carried out the actual task of 
arranging and printing and distributing the book. 


Acknowledgments. Acknowledgment gratefully is 
made to all who have given of their time and effort in 
making a book of this type possible. It is particularly 
desired to acknowledge the generous support of the various 
technical magazines that gave their permission to repro- 
duce in this volume papers that had appeared from time 
to time in their respective publications. These include: 
Electrical World, General Electric Review, Journal of The 
Franklin Institute, and The Electric Journal. 
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| | sted SENTINEL AGAINST LIGHTNING 


Guarding the switching stations of the 287-kv. transmission line being 
built by the Los Angeles Bureau of Power and Light from Boulder Dam 
to Los Angeles, this 155-ft. “diverter tower” plays an important part 
in the lightning protection system of the line. Six of these towers, in- 
stalled at strategic points around each of the two switching stations on — 
the line, are expected to protect station equipment from direct strokes. 
Diverter towers are connected directly to the buried counterpoise net. 
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GENERAL ELECTRIC REVIEW 


~The Oxide Film Lightning Arrester 


By CHARLES P. STEINMETZ 


CHIEF CONSULTING ENGINEER, GENERAL ELECTRIC COMPANY 


In this article and the following one by Mr. Crosby Field is described a new type of lightning arrester. 
Dr. Steinmetz gives a short history of lightning protection of electric systems, ranging from the early com- 
munication circuits to the present high tension, high capacity transmission lines, employing for lightning pro- 
tection small air gaps and the aluminum cell lightning arrester, respectively. The advantage of the oxide 
film arrester lies in the fact that it does not require daily charging, as is the case with the aluminum cell 
arrester. Oscillograph records of tests on the oxide film arrester are shown and discussed, and a short 
description of the construction of this arrester and its principle of operation is given.—EDITOR. 


Three periods can be distinguished in the 
development of lightning arresters, corre- 
sponding to the three periods of the use of 
electricity: | 


(1) Electric circuits of negligible power, 


telegraph, and telephone. 
(2) Electric power circuits of negligible 


electrostatic capacity; d-c.. lightning and 


railway, a-c. secondary and 2300-volt primary 
distribution. | 

(3) High-voltage electric power circuits, 
transmission lines, etc. | ? 

(1) In electric circuits of negligible power 
such as telegraph and telephone circuits, 
a simple minute spark gap to ground afforded 
protection by discharging lightning to ground, 
and was sufficient until the recent years, 
when with the general introduction of electric 
power circuits the problem arose in electric 


-ecommunication circuits to take care of 


crosses with power circuits. 

(2) In electric power circuits, a simple 
spark gap to ground became insufficient for 
protection, since the power current, following 
the lightning discharge as arc, short-circuited 
the system and burned up the arrester. 
The problem then arose to safely open the 
short circuit of the machine current. to 
ground, through the lightning arrester, after 
the lightning discharge has passed, and to 
leave the arrester in operative condition to 
receive following lightning discharges. 

Of the various devices developed hereto- 
fore, the magnetic blow-out lightning arrester 
still is used in direct-current railway circuits. 


The first scientific investigation of this 


problem is recorded in the paper * by A. J. 


Wurts, presented before the A.I.E.E. at the 


meeting of May 1894. Since that time all 
lightning arresters for alternating-current 
power circuits of negligible electrostatic 
capacity are based on the multigap principle 
* Trans. A.LE.E., 1894, vol. xi, p. 337, ‘Discriminating Light- 
ning Arresters and Recent Progress in Means for Protection 
Against Lightning,’’ by A. J. Wurts. 
+See A.I.E.E. Trans., 1907, vol. xxvi, p. 425, ‘‘Protection 


Against Lightning, and the Multigap Lightning Arrester,’’ by 
D. B. Rushmore and D. Dubois. 


between non-arcing metals, whatever con-- 


structive forms the arrester may assume— 
as the present compression chamber lightning 


arrester. The multigap arrester operates on | 


the principle that the lightning discharge 
over the multigaps closes the circuit to 
ground, but the power arc following the 
discharge extinguishes at the end of the half, 
wave of the alternating current, as the non- 
arcing character of the gaps does not permit 
the reverse current of the next half wave to 
start. The multigap arrester thus short- 
circuits for a part of a half wave. It obviously 
is suited only for alternating currents. — 

For years difficulties were met with the 
question of resistance; without series resist- 
ance, in large systems the short-circuit power 
even of a part of a half wave may be sufficient 
to disable and destroy the arrester, while the 


use of a series resistance, while limiting the 


power current and thereby protecting the 


arrester, also limited the discharge capacity 
and thereby reduced the protection. This 
problem was solved by the use of multigaps | 


shunting the series- resistance, so _ that 
moderate discharges passed over the resist- 
ance, while high power lightning discharges 
found a path without series resistance over 
the shunted gaps, and at the same time the 


shunting resistance made the power arc at 


the shunted gaps unstable, and thus assisted 


in the extinction of the short circuit at the 


end of the half wave.f 
(8) As soon, however, as circuits came into 
use, which had considerable electrostatic 


capacity, such as high-voltage transmission 


circuits, extended underground cable systems, 
or lower voltage circuits (including generator 


circuits) inductively. connected with such. 
circuits, the multigap arrester failed by fre-- 


quently, or even usually destroying itself by 
the discharge, burning up. | 
In such circuits, oscillations between 


capacity and inductance may occur, started 


by a lightning discharge or any internal dis- 
turbance such as switching etc., resulting in 


'. Hayden, and 


) 
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aa 


recurrent high frequency oscillations, of 
which the arcing ground on a transmission 
line is typical, and probably best known. 
With such continual discharges, often several 
per half wave, the multigap arrester short- 
circuits at the first oscillation, for the re- 


mainder of the half wave, and while the | 


multigap functions properly and opens the 
short circuit at the end of the half wave, the 
oscillation of the next half wave again short- 
circuits, and so on, so that the effect is that 
of a continuous short circuit, and no lightning 
arrester, no matter how large, can dissipate 


the short-circuit power .of a big system for © 


any appreciable time. | : 

For such systems, in which recurrent high 
frequency oscillations, as arcing grounds, may 
occur, a lightning arrester is necessary which 
does not short-circuit the machine current 
even for a fraction of a half wave, but merely 
discharges the over voltage, the oscillation 
which, however high in voltage it may 
be, is small in energy compared with the short- 
circuit power of the system, as it represents 
only the stored energy of capacity and 
inductance. The only arrester of this charac- 


ter heretofore was the _ electrolytic,. or. | 
aluminum cell lightning arrester, developed |. 


by E. E. F. Creighton, J. L. R. Hayden, F. W. 
Peek, and others. It acts towards an over- 
voltage discharge like a counter e.m.f. equal 
to the normal. circuit voltage, and the dis- 
charge current passing through the arrester 
thus is the short-circuit current of the over 
voltage, while the normal machine voltage 
does not discharge, is held back and not 
disturbed. The aluminum cell arrester thus 
can discharge continual disturbances, over- 
voltage oscillations occurring at every half 
wave, for a considerable time, half an hour to 
several hours, before it is endangered by 
the temperature rise due to the accumulated 


energy of these discharges. 


The aluminum cell arrester comprises a 


series of cells—usually conical and stacked 


into each other—of aluminum electrodes 
with an electrolyte, of which neither the salt 
nor its ions appreciably dissolve alumina. 
In “forming” the cell, by an alternating 
current passing through it, the electrodes are 
coated by a thin non-conducting film of 


alumina which grows in thickness until it 


holds back the impressed voltage. Any over- 
voltage punctures this film, but the current 


* In the development of the oxide film arrester numerous re- 


_ . searches were made by the engineers whose splendid work I here 


acknowledge: Messrs. H. D. Brown, V. E. Goodwin, J. L. R. 
G. B. Phillips;.and more particularly E. E. F. 
Creighton, Crosby Field, and N. A. Lougee. 


passing through the puncture holes again 
forms alumina and closes the holes. Thus the 
aluminum cell acts like a self-repairing elec- 
trostatic condenser of a disruptive strength. 
equal to the impressed voltage: about 250 to 
300 volts per cell. 

The practical experience of the last ten 
years has proven the aluminum cell arrester 
as the oniy type capable of affording pro- 
tection in modern high power circuits, and 
proven this so conclusively as to lead to its 


universal adoption in such circuits in spite 


of the inconveniences incident to the need of 
daily attention in charging, the use of a 
liquid electrolyte, and the difficulty of testing 


the arrester without taking it apart, except by 


watching the appearance of the charging 
arc or measuring the charging current. 
These inconveniences incident to the 
aluminum cell arrester were well realized 
however, and as soon as the minor troubles 
met with the aluminum cell arrester in the 
early years had been overcome, engineers went 
energetically. to work on the problem of 
developing a lightning. arrester of the char- 
acteristics of the aluminum cell arrester, but 
which does not require any attention beyond 
that given to every apparatus in a well- 
managed system, that is, an _ occasional 
inspection, at least once or twice a year. 

*The Oxide Film Lightning Arrester repre- 
sents a new type of lightning arrester which 
has all the characteristics and advantages of 
the aluminum cell arrester but does not 
require any charging and thus requires no 
special attention, contains no liquid elec- 
trolyte, no inflammable material, and like the 
aluminum cell arrester can be located out- 
doors as well as indoors. © : 

The oxide film arrester, like the aluminum 
arrester, acts like a counter e.m.f. equal to 
the normal circuit voltage, freely discharging 
any over voltage, but holds back the normal 
machine voltage. Thus the discharge is 
limited to the energy of the over voltage 
as in the aluminum arrester, and like the latter 
the oxide film arrester can continuously dis- 
charge recurrent surgessuch as arcing grounds, 
etc., without endangering itself for a con- 
siderable time, sufficiently long to notice 
and eliminate the disturbance. 

Compared with the almost entire absence 
of knowledge of lightning phenomena in 
electric circuits, under which Mr. Wurts had 
to work in. developing the non-arcing metal 
multigap lightning arrester, our present 
knowledge. of lightning phenomena is very 


great. Nevertheless, there are so many 
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disturbances in large electric systems which 
we cannot or only incompletely repro- 
duce in our laboratories, that the final 
decision on the success, that is, the effective- 
ness and permanence of a lightning arrester 
still is best given by the experience in indus- 
trial systems. 
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Fig. 1. Oscillogram of a Surge Discharge as in Fig. 2 with no Arrester in Circuit 


Top vibrator—current through transformer 


Bottom vibrator—circuit voltage 
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Fig. 2. Surge Discharge through Arrester Cell 


‘Top vibrator—60-cycle timing wave 


Middle vibrator—current through arrester — 
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Therefore, after extensive laboratory tests 
had been completed and had proven the oxide 
film arrester as of the same characteristic as 
the aluminum arrester, but requiring no 
special attention, a number of industrial 
installations were made, and more added 
the next year and the third year. Now, 
however, when a consider- 
able number of installa- 
tions of these arresters, for 
voltages from 110 to 33,000 
have been in successful 
operation, some for over 
three years, and have 
proven their protective 
value and their perma- 


able to bring the arrester 
to your attention. 

Of the numerous tests 
made on the performance 
of the arrester, it may be 
sufficient here to give only 
two by the oscillograms, 
Figs. 1 to 4, showing the 
action on a recurrent oscil- 
lation in Figs. 1 and 2, and 
on a single high power 
impulse Figs. 3 and 4. | 

The tests, oscillograms 
Figs. lvand 2, were made 
in the usual manner: a 
surge or continual oscilla- 
tion was produced by a 
large condenser connected 
to an. alternating-current 
supply, and discharging 
over a spark gap through 
aninductance. The latter 
was chosen so as to give a 
frequency of 1200 cycles 
to the oscillation, and 


the range of the oscillo- 
graph. This surge was im- 
pressed upon the apparatus 
to be protected, a trans- 
former energized by another 
alternating-current circuit. 
Fig. 1 shows the oscillo- 
gram without protection of 
the transformer, and Fig. 2 
the oscillogram with an 
oxide film cell shunting the 
transformer and thereby 
protecting it. | 

In Fig. 1, the lowest 
curve shows the voltage 


nence, I consider it desir- - 


thereby bring it well within — 


‘tic action of this type of 


cut down from the high 


cent above normal, while 


ing thereto the discharge 
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of the 320-volt, 47-cycle power supply cir- 
cuit of the transformer, with the oscillations 
superimposed on it, rising to surge peaks of 


2800 volts. The upper curve shows the. 


oscillating currents passing through the 
transformer, rising to current peaks of 40 
amperes. The middle curve is absent as no 
arrester is used in this test. : 

In Fig. 2 however, where 
an oxide film cell is shunted 
across the transformer, the 
middle oscillogram shows 
the current oscillations 
passing through the ar- 
rester, with peaks of 35 to 
41 amperes. The lower 
curve in Fig. 2 then shows 
again the circuit voltage 
wave impressed upon the 
transformer, with the oscil- 
lations cut down by the 
oxide film cell. This vol- 
tage wave, the lower curve 
in oscillogram Fig. 2, well 
illustrates the characteris- 


‘eountet-e.m.f.° arrester’’ 
—to which the oxide film 
arrester and the aluminum | 
cell belong. . The oscilla- 
tion peaks are sharply cut 
off at a maximum voltage 
ef 60 per cent above cir- 
cuit voltage, the value for 
which the spark gap was. 
set. As the result, the 
oscillations are very greatly 


Fig. 3. 


values which they have in 
the unprotected circuit Fig. 
1 (2800 volts), and become 
unsymmetrical. The half 
waves of oscillation in the 
same direction as the cir- 
cuit voltage are greatly 
reduced by the limitation. 
of the voltage to 60 per 


the reverse half waves— 
which lower the instanta- 
neous circuit. voltage—are 
less affected. Correspond- 


current through the ar- 
rester, the middle oscillo- 
gram in Fig. 2, is unsym- 
metrical also; in the first 
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Fig. 2, the first and third half wave of oscillat- 
ing voltage is cut off, and the first and third 
half wave of the oscillating discharge current 
therefore higher than the second half wave 
of the oscillating discharge, which latter 
corresponds to a half wave of oscillating 
voltage in opposition to the circuit voltage, 


Single Impulse Discharge with no Arrester in Circuit 


Top vibrator—60-cycle timing wave 
Bottom vibrator—circuit. voltage 


Fig. 4. Single Impulse Discharge as in Fig. 3 but with Arrester in Circuit 


Top vibrator—60-cycle timing wave 
Middle vibrator—current through arrester 


Bottom vibrator—voltage across arrester and second oscillation of 


Bottom vibrator—voltage across arrester 
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therefore not raising the circuit voltage. 
The third oscillation of Fig. 2 happens to 
start with a half wave of oscillating voltage in 
opposition to the circuit voltage, and the 
first half wave oscillating discharge current 
through the arrester, in the middle curve, 


Fig. 5. Oxide-film Lightning Arrester Cell 


thus is smaller than the second half wave; 
the second half wave of the oscillation is cut 
down in the voltage and therefore gives the 
maximum discharge current, 35 amperes 
in this case. 

This feature is well brought out by the 
oscillograms Figs. 1 and 2, due to the use of 
a different. frequency, .60 cycles, for the 
power supplying the oscillator. This caused 
the successive oscillations to occur at different 
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ing a highly inductive circuit (railway motor). 
Fig. 3 shows on the lower curve the oscillogram 
of the impulse in the 550-volt circuit, rising 
to 7000 volts. The upper curve merely is a 
60-cycle timing wave, to enable measuring the 
duration of the impulse. Fig. 4 shows 
the same circuit, with an arrester shunting it. 
The impulse voltage rises to the value for 
which the discharge gap of the arrester is set, 


in this case 2200: volts. Then the arrester . 


discharges, and the voltage instantly drops 
back to normal, while a slowly decreasing 
discharge current through the arrester dis- 
sipates the magnetic energy of the impulse. 
The cell of the oxide film arrester, shown in 
Fig. 5, consists of two circular metal plates 
as electrodes, which are kept apart by a 
porcelain ring, as shown in the figure. The 
space between the electrodes inside of the 
porcelain ring is filled with the active 
material, lead peroxide PbOs, which is put in 
under moderate pressure. This active 
material is a good conductor, but has the 


characteristic that’ by” the’ action of an. 


electric discharge it is converted in the 


‘path of the discharge into a lower oxide, 


which is an insulator. Thus when an 
alternating current is passed through such a 


cell, the active material at the electrodes © 


gradually converts into a non-conductor, 
and fornis a thin insulating film at the 
electrode. This grows in thickness until it 
cuts off the further flow of current and 
holds back the voltage, about 250 to 300 
volts per cell. Then only a small leakage 
current, of a few milliamperes, passes at 
normal voltage, but if an over voltage of 
any kind appears at the cell, the insulating 
film of lead oxide punctures and freely 


Fig. 6. Oxide-film Lightning Arresters with Covers Removed. Ratings 325-650, 900-1350, © 
2100-2600-volt Alternating Current or Direct Current Respectively 


parts of the half waves on .the 47-cycle 
circuit which was to be protected. | 

Figs. 3 and 4 then show the. protective 
action of the oxide film arrester on a 550- 
volt, direct-current circuit, against a single 
(non-oscillatory) impulse produced by open- 


discharges through the lead peroxide, but in 
doing so converts the surface of the lead 
peroxide in the path of the discharge into the 
lower non-conducting oxide, and thereby 
closes the puncture holes, repairs or reseals the 
film. 


point and thus standing 


In manufacture, naturally, just as in the 
aluminum cell arrester the insulating film is 
not produced after assembly of the cell by 
the slow process of passing a current through, 
but the film is put on before assembly, 
in the oxide film arrester, by dipping.the 
plates in a suitable insu- 
lating varnish which gives — 
them a coating just thick 
enough to hold back the 
citcuit voltage. Then after 
assembly, voltage is put on 
the cell for testing it and 
sealing any holes or defects 
which may exist in. the 
varnish film. 

In the oxide film arrester, 
the electrodes have nothing 
tov-do- with. the arrester 
action, and any- suitable 
material can be used. First 
we used brass, but now use 
sherardized iron, the latter 
having a higher melting 


high power discharges, 
which would melt holes in 
the brass electrodes. 

In this arrester, the ac- 
tion, which holds back the 
normal voltage but passes 
freely an over voltage, thus 
resides in the active mate- 
rial between the electrodes, 7 
and it is this material which forms and reform 
the film. As this material isasolid,no chemical 
action occurs such as the gradual dissolution 
of the alumina film in the aluminum cell 
arrester, but the film remains intact per- 
manently, and thus no daily “charging,” 


that is, repairing of the film is required. 


A number of such cells, depending on the 
voltage of the circuit, are piled on top of 
each other, with a spark gap in series, and, for 
low and moderate voltages, incased as shown 
imodue..6. , 

As the cells are hermetically sealed, by 


the metal of the electrodes being spun over 
the porcelain separating ring, the cells can be ~ 


installed outdoors as well as indoors, requiring 


in outdoor installation merely some protection 


by petticoats, as shown in Fig. 7, to keep 
the rain from short-circuiting the cells. 
Fig. 8 shows such an outdoor installation of 
a 33-kv. arrester, with three-phase stacks 


and the ground stack of cells, protected. 


* A.I.E.E. Trans. 1915, vol. xxxiv, Part II, p. 1857, ‘‘The 
Effect of Tran:ient Voltages on Dielectrics,” by F. W. Peek, Jr. 
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against the weather by metal petticoats.. 
Fig. 8 shows also the ‘spark gaps on the line 
side of the arresters. They are protected 


‘sphere gaps, to give instantaneous discharge, 


with a horn attachment to allow the arc to 
flare up and thereby help in its extinction. 


Fig. 7. Phase Section of 15,000—25,000-voit Outdoor Oxide-film Lightning 
Arrester with side of housing removed to show interior arrangement 


As well known, the plain horn gap has the 
disadvantage of requiring an appreciable— 
though a very short (microseconds)—time for 
discharge, and an extremely sudden high 
voltage, as a very steep wave front, thus may 
pass the horn gap and flash over elsewhere. 
Therefore in modern high voltage lightning 
arresters the horn gap is shunted by a properly 
proportioned sphere gap, the latter being ‘‘in- 
stantaneous’”’ in its action. In outdoor use, 
however, rain lowers the discharge voltage of 
the sphere gap, and thus requires a setting 
which gives a higher discharge voltage in dry 
weather than necessary. Therefore a pro- 
tected sphere gap has been designed which 


overcomes this disadvantage in the open 


sphere gap, and is shown in Fig. 8. 

The need of using this spark gap in series 
with the arrester, is the only still remaining 
undesirable feature which the oxide film 
arrester shares with the aluminum cell 
arrester, the multigap arrester, and other 


types. While by the work of Mr. F, W. 


Peek, on the time lag of electric discharges,* 
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the means have been given to make the | 
discharge gap ‘‘instantaneous,”’ that is, faster 
than any other discharge path over gaps 


Oxide-film Lightning Arrester for Outdoor Service 


Fig. 8. : 
Installed on a 33,000-volt Circuit 


or through insulation in the system, so that 
the arrester takes care effectively of any 


GENERAL ELECTRIC REVIEW. 


over voltage above its discharge voltage; 
it does not discharge voltages lower than’ 
the discharge voltage of its spark gap, even 


if these lower voltages may involve some 


danger to the system by their high frequency. 
Such low voltages, while they cannot endanger 
the main insulation between circuit and 
ground, may, if of sufficiently high frequency, 
lead to local accumulations of voltage across 
inductive parts of the circuit, as regulators, 
current transformers, end turns and coils | 
of generators and transformers, and there 
cause damage by. puncturing insulation 
between turns and causing internal short 
circuits. | 
Against these high frequency disturbances 
of moderate voltage, the only existing 
protection is the addition to the arrester 
of a capacity discharge path permanently 
connected from the circuit to ground. Such 
capacity path should be without resistance 
to flatten steep wave fronts, and contain a 
moderate series resistance, to dissipate high 
frequency energy and stop cumulative oscil- 
lations in their beginning. Before I leave the 
field of electrical engineering, I hope still to 
see an_arrester, of the type of the oxide 
film or the aluminum®* cell, which has no 


spark gap, but is permanently shunted 


across the circuit, and thus capable of taking 
care not only of over voltages, but equally well 
of steep wave fronts and high frequency 
oscillations, even if of lower than the circuit 
voltage. Such an arrester then would give 


universal protection. 


oxide’ film’ arrester.’ * 


The Oxide Film Lightning Arrester | 


3 By Crossy FIELD 


This paper is mainly a description of the principle and construction of the oxide film lightning arrester. 


It consists fundamentally of an insulating film placed. between a conductor (usually metallic) and the con- 
When subjected to over-voltage this insulation will be pierced, but the heat 
As 


ducting powder, lead peroxide. 
of the discharge will rapidly convert the lead peroxide into an insulating plug and stop the discharge. 


we have previously mentioned in several places, the advantage of this arrester over the aluminum cell arrester 
lies in the fact that, while it affords the same high degree of protection, it does not require daily charging as 
does the aluminum arrester, and can be installed in a great many places where the need of daily charging by 


the aluminum arrester would preclude its use.—EDITOR. 


This paper will be confined to a brief state- 
ment of the scientific principles underlying 
a new type of lightning arrester called the > 
The functioning of 
this arrester depends upon the fact that cer- 
tain dry chemical compounds can be changed 
with extreme rapidity from very good con- 
ductors. of electricity to almost perfect non- 
conductors by the application of a slight de- 
gree of heat. Lead peroxide is a good 
example of such a substance. It has a specific 
resistance of the order of one ohm per inch 
cube. ‘The resistance varies with the pres- 
sure to which it has been compressed. Ata 
temperature of about 150 deg. C. the lead 
peroxide (PbO2) will be reduced to red lead, 
commercially known as minimum (Pb30,). 
This has a specific resistance of about 24 
million ohms per inch cube. At slightly 
higher temperatures this minimum will be re- 
duced through the sesquioxide (Pb203) to 
_ litharge (PbO), which last named is practically 
an insulator. [A megger reading of infinity 
is obtained on a column 3 millimeters long 
(0.11 in.) and 5 square millimeters area 


(O.2-sq-ine).| | | 
Again the oxides of bismuth give similar 
characteristics. There are, furthermore,. 


several other compounds and mixtures of 
compounds that will give these same results. 
Lead peroxide is normally in the physical 
state of a powder. | 
between two electrodes and a current passed, 
the temperature due to the resistance at the 
contact of the peroxide and the metal will 
cause heat to be generated locally at the sur- 
face. When this heat is sufficient to create 
a temperature of about 150 deg. C. a film 
of the lower oxides of lead forms, producing 


a‘film of insulation which stops the current. - 


This method of film formation over any large 
area iS rather irregular, and of course the 
oxide is not used in such a fashion in the com- 
mercial arrester. Instead of this formation 
of litharge film any insulating film may be put 


*U S. Patent No. 1,238,660—Crosby Field. 


If this powder be placed — 


on the electrodes initially. As insulating 


film spread on the metal plates there have 


been used thin layers of the following: glass, 
water glass, halowax, cloth, balsam, shellac, . 
oil, paints, lead paints, varnishes, and lacquers 
of all available kinds. In all cases the results 
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Fig. 1. A Single Cell of the Oxide Film Lightning Arrester con- 
sisting of a ring of porcelain with two circular steel 
‘disks, one spun on each side of the porcelain and 
insulated by the porcelain. The inside of the ring 
of porcelain between the plates is filled with pecoeiic 


of lead. 


are similar, varying only with the voltage 
at which puncture of the film of insulation 
occurs. 3 | 
The foregoing statements define the prin- 
ciple of the commercial oxide film arrester. 
Fig. 1. It comprises two sheet metal elec- 
trodes, set about 0.5 in. (12.7 mm.) apart, 
one or both covered with a thin insulating 
film and the space between the plates filled 
with some such substance as that described 
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-. above, as, for example, lead peroxide. Fig. 
2 shows the disassembled parts of a single 
cell. At a permissible voltage of 300 volts 
per cell the insulating film prevents any 
appreciable current flowing under normal 


conditions. As soon as the voltage rises 


GENERAL ELECTRIC REVIEW 


peroxide to litharge. Again, the metal chosen 
for the electrode itself may be lead, and if 
heated in the air a thin film of litharge will 
be formed on the surface. Again, an alumi- 
num electrode may be put in any of the com- 
mon electrolytes, and a thin aluminum film 


Fig. 2. Shows the Disassembled Parts of a Single Cell of the 
Oxide Film Lightning Arrester. From left to right 
are a steel disk spun on a ring of porcelain, a pile of 
brown peroxide of lead, the other steel disk, and an 
asbestos washer. 


slightly above normal the film punctures in 
one or more microscopic points, the lightning 
charge meets with practically no resistance 
and flows to earth, Fig. 3. The dynamic 
current starts to follow but because of the 
fact that the insulation was punctured in 
such fine points, the current density near 
these points is exceedingly great. This re- 
sults in a localized heating which speedily 
raises the temperature to a value sufficient 
to change to insulating litharge all the con- 
ducting peroxide in this minute path of the 
current flow in contact with the electrodes. 
The film consequently reseals, stopping the 
further flow of dynamiccurrent. This 


action is so rapid that its duration 400 SBCs 2) oe 


- cannot be measured on an oscillograph 
giving two thousand cycles per second, 
that is to say, the action of resealing 
occurs in less than one four-thou- 990 
sandth part of a second after the 
excess of lightning voltage has ceased. 
These spots of insulating litharge 
plugs are visible on the surface of an 200 
electrode. 

This film can be made of liharee 
itself, as well as any of the insulating 
materials above named. Forexample, 100 
metal plates may be inserted in any 
of the well-known lead electroplating 
solutions, and thus a very thin lead 
peroxide film (measuring a few hun- 0 
dred thousandths of an inch) formed. 
By proper heating this will be changed 
to litharge and this form of electrode 
can be used. Peroxide may also be 
sprinkled over any metal plate and 
the plate heated, which will reduce the 


0.1 0.2 0.3 0.4 ~—(0. S 0.6 0. 


Fig. 3. The Comparative Volt-ampere Characteristics of the 


be built up. This may be used with the 
peroxide powder. Of these methods of form- 


os ing the film the most preferable is by dipping 


in varnish or lacquer highly burnished sur- 
faces of brass, steel, or copper, and is con- 
sequently used in the commercial arrester. 
The ohmic resistance of the arrester during 
discharge is quite low (less than 1 ohm per 
cell). Thus, when the insulating film 1s 
punctured the arrester offers very slight 1m- 
pedance to the flow of energy at abnormal 
voltages. 

There is a certain range of voltage necessary 
to pierce any given insulation. The exact 
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Oxide Film Cell and the A-c. Aluminum Arrester 
Cell. The oxide film has only a few milliamperes of — 
leakage current up to the critical film voltage when 
the film gives way more suddenly than the film in the 
aluminum cell. The critical voltage of the oxide 
film can be made approximately as low as the hy- 
droxide film on the aluminum cell. 


- Sn er, ee ae 
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voltage depends not only upon the thickness 


of the insulation and its dielectric strength, 
but also on the relation of the dielectric spark 
lag to the duration of the super-spark poten- 


tial and the frequency of alternations of the 


transient surge. 
If an arrester is to give protection to in- 


-sulation in shunt with it, the arrester must 


relieve the abnormal electric pressure before 
damage is done to the insulation. Although 
tests are frequently made with the arrester 
and the insulation it is to protect in parallel, 
a more. convenient method has been stand- 
ardized and is known as the equivalent sphere 
gap test. Both the insulation and the arrester 
are compared by comparing each to the 
equivalent sphere gap. 

The equivalent sphere gap of the oxide film 
arrester may be analyzed, as in other cases, 
into separate and distinct parts. First, there 
is the equivalent sphere gap of the main gap 
in series with the cells. Second, the equiva- 
lent sphere gap to initiate a discharge through 
the insulating film on the plate surface of the 
cell. Third, there is the equivalent sphere 
gap of the resistance drop of the current dis- 
charging through the powdered peroxide in 
jes path. Kourth,* there as: the equivalent 
sphere gap of the inductance of the arrester. 


LEI Ya 


Fig. 4. A Magnified, Imaginary Representation of One of the 
Films on One Metal Plate. As shown the film is 
punctured by a spark and filled with a litharge plug 
which is represented by the open circles. The cross- 
section in the discharge path, a short distance away 
from the metal electrode, is sufficiently expanded to 


make the current of low enough density not to heat | 


the peroxide to a temperature of reduction to litharge. 
The peroxide is represented by the solid dots and 
only those in the path of the discharge are shown. 
At the other electrode, not shown in this magnified 
diagram, a similar effect may be taking place al- 

though there is a difference between the positive and 
negative crators. 


- Commenting on these factors in their re- 
lation to this arrester, the main gap 1s itself a 
sphere gap which has the fastest spark of any 
practical gap. The gap setting, like that of 
the aluminum arrester, is only slightly above 
that of the normal voltage of the circuit. 

The equivalent sphere gap of the film is 
several times greater than the thickness of 
the film because solid material has a greater 
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multiple of the thickness of the film the equiv- 
alent sphere gap is still low. Since peroxide 
is a good conductor, the series resistance 1n. 
the path of the discharge is insufficient to 
give an undesirable voltage drop. As to the 
inductance of the arrester, it has a minimum 
value due to the fact that each cell is only » 
0.5 in. long, as shown in Fig. 1, and these cells 
are placed one on top of another. In other 
words, the total length of the arrester (which 
constitutes the inductance) is short as com- 
pared to the necessary length of conductor 
from line to earth. 

One of the obstacles that had to be over- 
come in the making of this arrester was the 
increase in the resistance after a great many 
heavy discharges had passed throughit. The 
predominant reason for the increase seems to 
be explained by the following theory. The 
current passing through this small puncture 
in the film heats up very rapidly not only the 
powder but also the air contained within the 
interstices of the powder. The particles are 
thereby thrown out of contact with each 
other, thus producing a fluffiness. The 
decrease in the number of contacts decred¥es 
the actual cross sectional area of conduction 
hence increases the resistance. This raises 
the equivalent sphere gap. This action is 
accelerated, of course, by the giving off of the 
oxygen itself evolved in the reduction from 
lead peroxide to the lower oxide. If, however, 
this same arrester be jarred violently or the 
filling powder. be compressed, or any other 
method utilized to restore the particles to 
their previous intimate contact, the equiva- 
lent needle gap will fall again. While in- 
creased fluffiness appears to be the predomi- 
nant cause of change of the equivalent sphere 
gap, the increased thickness of the film of 
litharge at the point of puncture of the film is 
finally a factor of moment. The total area of 
the film must be sufficient to give a reasonable 
number of years of life to the arrester. There 
are other factors relating to the details of manu- 
facture which give a limited degree of control 
over this change in equivalent sphere gap. 

In all the commercial oxide film arresters © 
used for alternating current the power factor 
is nearly unity. For special purposes how- 
ever, the power factor can be made anything © 
desired from 10 per cent to unity. This is 
obtained by combining with the conducting 
oxide other non-conducting materials. This 
principle has been made use of for condensers 
but it has not been found desirable to in- 
corporate it in the arrester. 

To summarize—an arrester operating under 
a new principle has been made which com- 


dielectric spark lag than air, but with this 
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prises in essence one or more metal electrodes 
covered with an insulating film, and separated 
by a conducting powder which has the pecu- 


liar characteristic of becoming a non-con- 


ducting powder upon the application of heat. 
Voltage higher than that which can be with- 
stood by the insulating film punctures it in 


one or more points of about 0.005 cm. diam- . 


eter. Dynamic current flowing gives a high 
current density in the conducting powder 
adjacent to these punctures which in turn 
heats it up rapidly, reducing the powder to a 
nonconductor, and sealing the holes in the film. 
The powder being a poor heat conductor 
localizes this action, so that very little more 
powder is reduced than 1s actually necessary 
to seal up these minute punctures. _ | 

The critical spark voltage and that part of 


the equivalent sphere gap controlled thereby - 


is a function of the thickness and kind of 
material used for the film. 


Comparison of the “Oxide Film’? with Well-known 
Arresters | 
The earliest form of non-electrolytic film 
arrester was known as the dry aluminum 
arrester.* It was a direct attempt to utilize 


the dry film which forms on the surfaces of | 
pure aluminum immediately after it comes in 


contact with the oxygen of the air, The 
hydroxide film is easily formed in electrolyte 


and on drying becomes a dry film which gives 


sufficient action to prevent a discharge up to 
a given critical voltage, depending upon the 
thickness of the film. The film can also be 
formed by a spark or arc of a conductor in 
contact with a plate. Naturally this con- 
ductor should be of a non-metallic nature. 
In the earliest form tried powdered carbon 
was used: mixed with dioxide of manganese 
which gives. a liberal supply of oxygen at the 


heated point. 


One of the objects of the development of 
this arrester was to decrease the cost of 
manufacture and it was found with the new 
principle involved in the oxide film arrester, 
where the powder furnishes the film rather 
than the plate, that the aluminum could be 
replaced by a cheaper metal, such as steel, 
and, as already described, the initial film 
known in the early stages of development 
as the ‘“‘paint skin’’ type could be furnished 
by a layer of varnish. On first sight, know- 
ing the extreme thinness of the hydroxide 
film on wet aluminum. cell it might not seem 
that the dry cell would give the same general 


characteristics as the wet cell. But a com- 


parison of the volt-ampere curves shows 
* U.S. Patent, E. E. F. Creighton. 
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the same general characteristics. For a-c. 
voltages of 300 volts average per cell the 
current in the dry cell is of negligibly small 
value up to 40 milliamperes. The power 
factor ..is., nearly. unity,.and.: the,.-current 
flow is due to very slight leakages through 
the films. In the case.of the aluminum elec- 


trolytic cells there is an equivalent condition, . 
the d-c. leakage current of the order of one 
milliampere being due to leaks through 


the hydroxide film. In the a-c. aluminum 
arrester the leakage current on the plate area 
used is much greater, due to the destructive 
action of the alternating current on: the 
hydroxide film. Furthermore, the wet cell 
with its thinner film is a condenser of appre- 
ciable capacitance which takes a charging 
current of about 0.5 ampere at 60 cycles. 
When the voltage reaches a certain critical 
value which is between 300 and 400 volts for 
the wet aluminum cell and between 300 and 
500 for the oxide film cell (or higher if the 
paint film is made thicker) the current is 
allowed to pass freely through the cells, 
limited only by the ohmic resistance of the 
the cell independent of the film. Since the 
oxide film arrester has no dissolution of the 
film, as occurs in the wet aluminum cell, 
charging is not only unnecessary but undesir- 
able. (This extends the:use of the oxide film 
arrester to localities where there are no 
attendants. 

Although the wet aluminum plate becomes 
frosted to an appreciable thickness by the 
passage of current in long use, the actual 
thickness of the film, as represented by the 
critical voltage, is not changed. In the oxide 
film arrester, however, the film less than one 
1 mil thick (0.025 mm.) initially thickens up 
by the addition of successive spots of litharge 
for each successive discharge. This repre- 
sents the wear on the arrester and limits its 
total life. Fig. 3 shows comparative volt- 
ampere characteristics of the oxide film 
arrester and the a-c. aluminum arrester. 
Since both of these arresters have a leakage 


current which wears the plates of the cells 


when alternating current is supplied, it is 
necessary, aS previously stated, to place a 
spark gap in series with the cells. This 
spark gap is set at a value slightly above the 
normal potential of the circuit so that nothing 
but abnormal voltages will cause a discharge. 

The foregoing data show that the oxide 
film arrester has general characteristics closely 
like the standard aluminum electrolytic 
arrester. It has the obvious advantage 
which comes from being dry rather than wet; 
it will not congeal, and needs no daily charging. 


$ 


In making the characteristic volt-ampere 


discharge curves the oxide film arrester does 
not lend itself as readily to the test as the wet 
aluminum cell. While its critical film voltage 
is evident, the change from no conduction to 
full conduction is more sudden. Therefore, 


a 
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of the connections may be briefly stated: 
A: transformer with two coils in series im- 


_ presses voltage on the arrester and then the 


contacts of the arrester are automatically 
shifted to one coil giving half the voltage. 


_ A heavy pendulum closes switch S-1 and sets | 


E;XPULSION FUSE 


ARRESTES _ 
UNDER TEST 


: Fig. 5. Arrangement, of Three Expulsion Fuses which short- 
¥ | circuit gaps in the path of discharge to first throw 
; double voltage on an arrester under test and then 
reduce the voltage to normal value by shifting the | 
contacts on a transformer from full coil winding to 
half coil winding. 


the discharge rate at double potential is best 


shown. by throwing double potential on the 
cell and subsequently reducing the voltage 
to its normal value per cell. This gives a 
very considerable quantity of electricity 
through the cells and is a severe test. 

In order to alter conveniently the voltage 
from double value to normal value the circuit 
is arranged as shown in Fig. 5. The object 
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Fig. 6. Operation of an Oxide Film Arrester on double dynamic 
voltage initially and its recovery on normal voltage. 
The upper record with a peak voltage of 28,700 volts 
shows the arrester connected to the circuit as the 
voltage wave starts to decrease on its third peak. 
The voltage immediately drops to the critical value 
of the cells, about 13,500. On the lower record the 
current is seen to rise to 40 amperes. On reversal of 
the voltage to 13,800 in the negative direction as 
shown by the upper record, the current as shown by 
‘tthe lower record rises to 106 amperes. The switching 
operations produce several electro-magnetic kicks 
-as shown by the irregular voltage wave as it rises in 
the next cycle to 13,300 peak value. At this lower 
applied voltage the current in the series of cells, as 
shown by the lower record, is 15 amperes. In the 
subsequent half cycle the current rises only to 8 
amperes. In the last half cycle of voltage shown, 
where the switching operation is complete, and the 
wave assumes its normal smooth form, the current 
in the cells is too small .to be registered by the os- 
cillograph. Its value is of the order of milliamperes. 
This figure is a copy of an oscillogram. The copy 
‘was made desirable because of overlapping of the 
discharge on the two ends of the film. 


» 


the oscillograph into operation. The full 
voltage of the transformer is thrown on to — 
the oxide film arrester under test, marked 
O-F, which has a number of cells sufficient 
only for half the voltage of the transformer. 
In other words this throws double voltage 
on to the arrester and the heavy current 
passing through the cells causes fuse F-1 to 
blow. The operation of this fuse short- 
circuits half the transformer and throws the 


other half across the arrester. This is done by 
means of gaps and fuses as follows: When the 


expulsion fuse F-1 blows, the conducting 
gases are shot into the open gap G-1 which 
closes the circuit through fuse F-2 to the mid- 
point of the transformer. This short-circuit 
on half the transformer causes fuse F-2 to 


blow and the hot gases discharging from fuse 


F-2 close the gap G-2 which throws the mid- - 
point of the transformer.on to the arrester 
through the switch S-2 which is closed just 
previous to starting the test. These several 


_ operations occur with a rapidity depending 


13 


an oxide film arrester. 


upon the size of fuses used. It is possible 


by this means to throw momentarily 22,000 


volts on an 11,000-volt arrester and note the > 
character attending its discharge and re- 
covery. Fig. 6 shows such an operation on 
The initial discharge 
current is 40 amperes during the first half 
cycle due to the point it strikes in the de- 
scending wave; during the second half. cycle 
it is 106 amperes. After the third half cycle 
the litharge film has so completely sealed up 
the path of discharge that the current is too 
small to show on the oscillogram. The 
leakage current with no series gap is of the 
order of a few milliamperes. . 
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Presented at the 35th Annual Convention of The 
American Institute of Electrical Engineers, 
Lake Placid Club, N. Y., June 27, 1919. 
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THE EFFECT OF TRANSIENT VOLTAGES ON 
DIELECTRICS II 


The Effect of Lightning Voltages on Arrester Gaps, 
Insulators and Bushings on Transmission Lines 


BY F. W. PEEK, JR. 


ABSTRACT OF PAPER 


This paper treats of some of the practical applications result- 
ing from an investigation of the effect of lightning voltages on 
insulators, bushings and protective gaps. 

There is a great difference in the relative lightning spark-over 
voltages of various gaps as well as a great difference in the set- 
ings imposed by operating conditions. Both of these factors 
must be considered in comparing the relative protective values. 

A gap must be set so that the normal line voltage does not 
cause it to spark-over. Gaps are generally used out of doors. 
Rain lowers the 60-cycle spark-over voltage of all uncovered 

- gaps and thus imposes a greatly increased setting and decreased 
protective value since the lightning spark-over voltage is not 
changed by rain. 

The covered sphere gives the maximum protection. 
tective value is constant under all conditions. 

The sphere-horn, having electrodes of points, horns and 
spheres, gives very good protection over the whole range of 
frequency and wave front. The spheres discharge the very 
steep waves, the horns the moderate ones, and the points con- 

tinuous high-frequency waves, of slanting front and static. 

The protective value of selective gaps varies with the wave 
front. Its protective value is a minimum for very steep wave 
fronts and for waves of slanting front. Over a certain range 
its protective value is very good. | 

The relative protective values of various gaps for steep and 
slanting wave fronts and high frequency are shown graphically 
in Figs. 14, 15, 16 and 17. The relative protective values are 
approximately independent of the point on the 60-cycle wave at 
which the discharge occurs. 

Data are given an the steepness of lightning waves actually 
a¢gcurring on transmission lines in practise. 

Bushings and insulators with equal 60-cycle spark-over voltages 
may have entirely different lightning spark-over voltages. A bush- 
ing should be designed for a high lightning spark-over voltage. 

The lightning wet spark-over voltage of a bushing or insulator 
is the same as the dry spark-over voltage. 


The pro- 


N 1915 I presented a paper covering an extensive investiga- 


tion on the effects of transient or lightning voltages on air, 


oil and solid insulations, line insulators and the diseharge 
voltages of various gaps.!. An exact study was made possible 


by the development of the ‘‘impulse generator,”’ which was also 


described in the paper referred to above, and as a result some 
_very important fundamental relations were discovered. » | 


It is the purpose of this paper to treat in more detail a few 
of the important practical applications which have been made 
of these relations within the last few years. 
discussion will be concerned principally with lightning arrester 
gaps, bushings and line insulators. It is hoped in particular, 
to make clear the advantages and disadvantages from a strictly 


practical standpoint of the various arrester gaps. 


The fundamental relations referred to above, bearing on the 


present discussion, will be briefly reviewed: 


When a 60-cycle voltage is slowly applied to a gap and 
gradually increased, spark-over will occur at some definite 


1. “The Effect of Transient Voltages on Dielectrics,” F. W. Peek, Jr., 


A, I. E. E., Vol. XXXIV, 1915, page 1857. 
“Lightning,” General Electric Review, July 1916. 
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voltage. This is the minimum voltage that will cause sufficiey | q ) 
ionization for the gap to discharge and it requires a relatively) — 
: > 


long time. 


Lightning voltages, or voltages of relatively steep wave fron} 4 | 
start at zero or line voltage and increase at the very rapiqy — 3 


rate of millions or billions of volts per second. When such) 
voltages are applied across a gap or insulator, spark-over dog) 
not occur at the instant the minimum or 60-cycle voltage jy :. 
reached, as considerable time is required at this voltage. Whe) 


this voltage is reached the spark begins to form but isonly com) 


pleted after the rapidly rising voltage has reached some highey 


a 


value. The “slower” the gap the higher the voltage will rise) — 


In a uniform field, break-down takes place over a relatively) 
short path, everywhere, at the same time. In the case of q q 
non-uniform field represented, for instance, by the needle gap 4 
corona forms around the electrodes before spark-over. A vast) 


amount of air must be ionized. The condition is equivalent 4 | 


to putting the corona or arc resistance in series with an eve) 
increasing capacity represented by the unbroken dielectri¢ q 
Time is thus required to bring all of the space between the 
electrodes up to the break-down gradient and during this time, q 
the lightning voltage rises higher and higher. | - 3 
To summarize: (1) Two gaps or insuatorsl with equal 60. 4 


ft 


cycle spark-over voltages may have entirely different lightning 4 3 


or impulse spark over voltages because of the time lag. , 
(2) The time lag is the greatest in a non-uniform field on 
for electrodes where corona precedes spark-over; it is minimum 


for a uniform field. 


(8) The time lag for any given electrodes and spacing is not : | 
constant, but depends upon the steepness of the wave or they) — 


rate at which the voltage is applied. The spark-over voltage 4 
‘ncreases and the time lag decreases with increasing steepnesi 
of wave front. a 

(4) Lightning or impulse spark-over voltages, unlike 60) 
cycle spark-over voltages, are not appreciably lowered by rainy 

The above discussion means, of course, that certain gaps 4 
and insulators which have equal 60-cycle spark-over voltages 
may have entirely different lightning spark-over voltages) 
The ratio between the impulse and 60 cycle spark-over voltage) 
was termed the impulse ratio. When there is no time lag they 
impulse ratio. is unity; the greater the time lag, the higher the 
impulse ratio. Under certain conditions selective gaps maj} 
have an apparent impulse ratio of less than unity. , 

It is very important to utilize these principles in desigiy 
protective gaps should have an impulse ratio of unity or lo 
lightning spark-over voltage, while insulators and insulatiol] 
should have a high impulse ratio or high lightning spark-ovéey 
and puncture voltage. | 

The practical application of these principles to various pry 
tective gaps will first be discussed. | | | 


PROTECTIVE GAPS 


General. The lower the voltage at which a given arrest@l | 
gap can be set the greater is its protective ‘value. In practis ; 
the setting must be such that the gap does not discharge unde 


any normal operating condition. The 60-cycle spark-oV® a 


’ 
‘" 


voltage of a gap is very much decreased if the electrodes b 
come wet. The decrease in voltage due to moisture diffe? 


greatly with the shape of electrodes. It is minimum for pony) 


with grounded neutral. The voltage to ground is 


and maximum for plane surfaces. _The 60-cycle spark-over 


voltage of a gap may be affected by other surface conditions, 
but by far the greatest effect is that caused by moisture. See 
Table I. 
out of doors. | These gaps must, therefore, be set so. that the 
jine voltage does not cause spark-over during a rain storm. 


This means that with any gap with “fast” electrodes the setting 
~ must be approximately doubled and the protective value thus 


reduced. | | 
The wet and dry 60-cycle spark-over voltages of 6.25 cm. 


TABLE I 
ae SPHERE GAP 
The Approximate Effect of Rain, Ice, Dust, etc. on the 60-Cycle 
Qpark-over Voltage of Sphere Gap. 


Foreign material on sphere 


Voltage per cent of 
surface. | 


normal 


Thin coating of dust. ...0. 6... es 98 


WOALING Ol O1l store oicce « peie og tse soe ; 2 100 

Heavy coating of oil and sand...... 75 - 90 
Thin:coating: of ice......0 5.06... 75 -— 90 
Wnhick: coating, Of 1¢e......s cleats. + 75 — 80 


Surface oxidized.......... Ree et siecs 100 
Ordinary? prt tin San wisi. keseyor ene ors 
Rain -0.2 in. precipitation per min. 
Polished spheres............... ‘; 40 - 50 
Rain 0.2 in. precipitation per min. 
Pitted spheres........ esha whsecliate tens 


spheres is given in Fig. 1. That the lightning spark-over volt- 
age is not appreciably changed by rain is shown in Wig. 2). In © 
comparing the relative protective value of lightning arrester 
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Fie. 1—SrHERES—WET AND Dry SpPparRK-OvVER VOLTAGES 
6.25 cm. spheres—06-cycles—one sphere grounded—0.2 in. rain—data Table II 


gaps it is, thus important to make the comparison on equal 
wet 60-cycle spark-over voltages or by the setting imposed by 
the operating conditions. | } : 
Operating conditions other than rain or inherent properties 
of the arrester proper may make it necessary to’increase the 
setting of certain types of gaps and not of others. 
however, the chief factor in non-selective gaps. Asan example 
of the effect of rain on the setting, assume a 66,000-volt line 


“66,000 : 
LB 


The arrester gap must be.set at about 25 per cent above this 
or 47 kv. wet. 


from the weather the lightning spark-over voltage is 47 kv., 
wet or dry; if the gap is not protected from the weather the 


= 38,000 


dry 60-cycle spark-over voltage must be 94 kv. in order to 


make the wet 60-cycle spark-over voltage 47 kv. and the ap- 
paratus is thus subjected to double the stress which would 


Practically all high voltage arrester gaps are installed 


Rain is, . 


obtain if a covered gap were used. This follows because the: 
lightning spark-over voltage approximately corresponds to the. 
dry setting. There may be no gain in protection with a gap 
discharging at very low lightning voltages if in practise it 
must be set at a wide spacing to prevent line voltages from 
continually causing it to spark over. 

The horn gap is not affected by the weather to as great an 
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Fig. 2—SpHerRE—WET AND Dry Sparkx-Oveier VOLTAGES - 


6,25 cm. spheres—60 cycles and impulses—0. 2 in. rain—one sphere grounded—data 
Table IT ee 


extent as the sphere-gap. If a sphere and a horn are adjusted 


- for equal wet 60-cycle spark-over voltages, the dry 60-cycle 
’ spark-over voltage of the horn will be lower. 


For low-fre- 
quency surges the horn would thus discharge at a lower voltage. 
For steep wave front lightning voltages however, the lag of 
the horn, which may easily have an impulse ratio of 2, will 
cause it to give inferior protection. See Fig. 3. 


THE SPHERE GAP—THE SPHERE HORN 


The sphere gap hasan impulse ratio of unity. It thus offers’ 
equal protection for all sorts of transient voltages, and is with- 
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Fig. 3—Horns—Wet anp Dry Spark-Over VoLTaGEs 
60-cycle and impulse—wet and dry—data’ Table IV 


out time lag when set at not greater than diameter spacing. 


Referring to Fig. 2, if the gap is protected : 
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When exposed to the weather, however, the setting must be high 
enough so that the line voltage will not spark-over 
during rain. See Figs. 1 and 2. | 

In the practical gap the sphere and horn were combined; 
the horn being used to assist in breaking the dynamic arc and . 
for the gain in discharging low-frequency surges due to the 
smaller difference between the wet and dry spark-over voltages. 
The difference between the wet and dry spark-over voltage of 
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points is less than with the horn. A point is sometimes added 
to further increase the protection at low-frequency surges. 
This gap has proved very successful in its several years 


of practical use, very greatly increasing the protective value of 


arresters. See Fig.4. Take for comparison equal wet settings 


of 50 kv. at 2000 kilocycles the spark-over voltage of the horn » 
is 185, the sphere 100. For impulses below 500 kilocycles, © 


the spark-over voltage of the horn is lower than the sphere. 
Thus, when a sphere horn is used the discharge takes. place 
across the sphere for steep wave fronts and across the horn 
for low-frequency surges. The gain due to the sphere is 
greater at higher voltages and steeper wave fronts. The 
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20 Sh. 40 60 80 100. 
60 CYCLE WET SPARK-OVER VOLTAGE | 
Fic. 4—Sruers—Horn 
Relative protective values of the component parts—data Tables II, IV, and V 


covered gap, shown by the dotted line is euperer at all. wave 
fronts. 

The Covered Sphere. If a sphere gap is covered and shielded 
from the weather its protective value is greatly increased since 
the setting imposed by the condition that the normal line 
voltage must not discharge over the gap is cut in half. Such 
a gap, therefore, discharges lightning voltages of half the value 
of the uncovéred sphere. This gap gives the highest degree 


of protection. It is not possible to use it with all types of. 
arresters since a horn is often necessary to assist in breaking 


the dynamic are. ‘See Fig. 5. A properly designed hemi- 
sphere may also be used in this type of gap. 

A gap not appreciably affected by the weather and still 
providing an arc breaking horn may be built as shown in Fig. 


6. The way this accomplishes the desired results will be de- 


scribed later, 
Since the gap requires two spheres in series, it is necessary 
to determine if such an arrangement has appreciable time lag 


and, therefore, high lightning-discharge voltages. Two 6.25- 
em. spheres connected in series are shown in Fig. 7. If gap A: 


is set at approximately 25 kv. and gap B at approximately 75 
kv. the 60-cycle spark is not (25 + 75) = 100 kv. but is 75 kv.; 
the lightning or impulse spark-over is 91 kv. See Fig. 7. 


The two gaps break down at 75 kv., 60 cycles, instead of the. 


sum of the two or 100 kv. because the applied voltage does 
not divide evenly between them. The voltage reaches 25 kv. 
across the low-voltage gap and breaks that gap down before 
it reaches 75 kv. on the high-voltage gap. All of the stress 
is thus transferred to the high voltage gap and it breaks down 
as soon as a total voltage of 75 kv. is reached. If, now, capac- 
ities are adjusted across A and B so that the voltage divides 
in proportion to their relative break down voltages both gaps 
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6.25 cm. spheres—covered gap—60 cycle and impulse—wet and dry—o 
—data, Table V y—one sphere grounded 
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will break down simbiltanéouely: The break down voltage will 
be equal to their sum. This is called the “balanced” gap. 
When two sphere gaps each without appreciable lag are placed | 
in series it is found that unless the gaps are “‘balanced”’ there 
is considerable lag. This would be expected because. one gap 
breaks down first and puts resistance in series with the capacity . 


of the other similar to the corona in the needle gap. Balancing 


the gaps causes simultaneous spark- . 


Line over and there is no appreciable lag. 
ee See Fig. 7. aug 


If two gaps are placed in series as 


re -_justing their relative capacities there 


will be no appreciable lag. The rain affects only the outside gap. 
For example, if the outside gap is set at 10 kv. and the in- 
side gap at 50 kv. the outside gap may be reduced to 5 kv. by 
rain. If balanced wet, the total wet spark-over is 55 kv. 
while the dry spark-over voltage is about 60 kv. This gap 


is thus without appreciable lag and not appreciably affected _ 


by rain. The only object of the outside gap is, of course, to 
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0 20 80 100 120 140 
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Data Table III 


transfer the dynamic arc to the horn where it rises and breaks. 
The impulse and 60 cycle characteristics of this gap are shown 
in Fig. 8. 


The advantage of the sphere gap is that it gives equal pro- . 


tection under voltages of all frequencies and wave front and 
is practically without lag. 
Selective Gaps: Various forms of selective gaps henre been 


_ proposed from time to time. Probably the most interesting 


and important of these is that investigated by Mr. Alleutt 
and shown in Fig. 9.2 In this gap the division of voltage is 
not greatly affected at 60 cycles by the auxiliary electrode. 
The auxiliary electrode is held at mid-potential because it is 
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2. “Lightning Arrester Spark Gaps,” C. T. Allcutt, TRANs. ‘AU: E., 
1918. Vol. XXXVII, Part II, p. 855., 
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in Fig. 6 and balanced by properly ad-. | 


connected at the mid-point Bet treeti two equal ecnteneee: 


The capacity current is too small at 60-cyvles to cause any ap- 


preciable * ‘drop’ across the resistance. If the condenser cir- 


cuit were opened on one side, the gap on that side would break. 
down at about half voltage. This is exactly what happens 


under impulse. 
For steep wave fronts the SEISEDNES has the effect of opening 
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the condenser circuit on that side. See Fig. 10. The gap on 


that side breaks down. The voltage does not immediately — 


disappear across the are. The gap has lag for the same reason 
as the double unbalanced gap discussed: above. Whether 


it is above or below the 60-cycle setting depends upon the . 


impulse. The effect is similar to that which would result 
from a needle gap which could be set at, for instance, 100 kv. 


for 60-cycle operation and instantly and automatically reduced 


to a 50 kv., 60-cycle setting whenever an impulse came on the 
line... For Moderately steep wave fronts the spark-over voltage 
would be greater than 50 and less than 100 kv.; but for very 
steep wave fronts, the impulse ratio of the 50 lage gap would 
be greater than two, or the spark-over voltage would be greater 
than 100 kv. The impulse ratio of the selective gap. is always 
greater than unity; the “apparent” impulse ratio is greater or 
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Fig. 9 Fra. 10 


less lependitiy upon the steepness of the wave front. The rea- 


son this distinction is made is discussed elsewhere. The ap- 
parent impulse ratio should be used in comparing protective 
values. ‘This characteristic for the selective gap is shown in 


Fig. 11 and compared with a sphere gap for the same dry 
60-cycle settings. The sphere gap spark-over voltage is prac-. 
tically constant for all wave fronts. The spark-over voltages 


are the same for 60 cycles. At moderate wave fronts the selec- 
tive gap has about 5 to 20 per cent lower spark-over voltage 
than for spheres, while for steeper wave fronts the voltage is 
higher on the selective gap. The protective value of a gap, 
as already pointed out, depends not only on its lightning dis- 


charge voltage for a given 60-cycle setting, but also upon the’ 
setting which is imposed upon it by operating conditions. 


Fig. 11 shows the relative protective values of spheres and 
selective spheres assuming equal dry 60-cycle settings are pos- 


3, A. I.E. E. Discussion, June 1918, F. W. Peek, Jr. 
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sible. The settings must be such that the line voltage does not 
frequently spark-over and cause the destruction of the energy 
absorbing device under certain operating conditions. The 
effect of rain makes it necessary to set a non-shielded selective 
gap at about double the voltage that would be necessary in 
the protected gap. See Fig. 12. 

Other forms of selective gaps have been devised and it is 
possible to extend the selective principle to a number of gaps 


in series, theoretically (neglecting lag) making it possible to 


discharge an impulse at a small fraction of line voltage. Such 
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Fig. 12—SELECTIVE SPHERE 
_ 60-cycle and impulse—wet and dry—Data Table VIII 


a gap would of course necessitate high initial setting and give 


very little protection against lightning impulses. 
The selective principle may also be readily applied to covered 
gaps if it is deemed advisable. 


RELATIVE PROTECTIVE VALUES OF THE GAPS ALREADY’ 
DISCUSSED 


The following comparison of the different gaps is the result 


of extensive research. The tests were made with the impulse 


generator. The methods of conducting. the tests, the pre- 


cautions, accuracy, etc. are the same as discussed in the 
former paper. 4 For convenience the connection diagrams are 


shown in Fig..18—(a) is used when the impulse only is ap- 
plied to the gap; (b) when the impulse is superposed on the 60- 
cycle wave. 

There are three cases which require consideration.® 


Case A. Where the impulse occurs at the zero point of the 


60-cycle wave and is thus not affected thereby. 
Case B. Where the impulse occurs at the maximum of the 
60-cycle wave and is additive. 
Case C. Where the impulse occurs at the maximum of the 
a. voltage wave, but in the opposite direction. 
. “The Effect of Transient Voltages on Dielectries,’’ A. I. E. E. , KF. W. 
Pek Jr., 1915. 
Beta iehtning Arrester Spark Gaps,” C. T. Alleutt, A. I. E. E., May 
1918. Discussion, F. W. Peek, Jr., A. I. E. E., June 1918. 
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Case C is naturally the most dangerous case. Case A is 
equivalent to applying the impulse without 60-cycle voltage. 

In making impulse tests it is found that there is a certain 
minimum impulse voltage that will spark-over the gap only | 
occasionally and that the voltage must be increased to cause 


IMPULSE GENERATOR | CASE A 
ene , 60 Cycle 
Supply 
IMPULSE GENERATOR CASES B & C 


IMPULSE SUPERPOSED ON 60 CYCLE 


Blast ‘Gap 


= 


GENERATOR OF SUBSTAINED HIGH 
FREQUENCY OSCILLATIONS 


Ita. 183—Connecrions UsEep in MakIna Tests 


spark-over at every application. This. difference between 
minimum spark-over and spark-over at every application may 
be inappreciable for some gaps and quite appreciable for others. 
This is discussed in my former paper. It is, thus, obviously 
necessary to record the method of making the tests. The 
data for all of the curves with description of method of making 
measurements will be found in the tables. Uniess otherwise 
stated, the impulse voltage was increased until the gap sparked 
once in five applications. “Frequency” is used for convenience 
only. It means, unless otherwise stated, that an impulse 
approximating a single half sine wave of the frequency stated 
has been used. By applying a super-voltage or a voltage 
‘higher than the discharge voltage of the gap the steepness of 
the wave or rate of application is increased. For instance a 
super-voltage at 100 kilocycles might be steeper than a lower 
voltage at 2000 kilocycles. in making measurements by ad- 
justing two gaps in parallel for equal spark-over, as is done in| 
the case of super voltages, it is important to arrange the gaps 
symmetrically with equal length of leads; otherwise inconsistent 
results will be obtained. With steep waves and unsymmetrical 
leads it is possible to short-circuit one gap and still obtain 
sparks on the other. 

The over-voltages that cause insulation failures in practise 
may be divided into three classes: . : 

1. Gradual increase of voltage on the line due to static or 
low frequency surges. | 

2. Very high frequency oscillations of’voltages-generally too 
low for any gap arrester to discharge, but which may cause 
very high internal voltages in apparatus. 

3. The form of voltage with which we are principally con- 
cerned—lightning voltages of very steep wave fronts where 
the voltage across the apparatus increases from normal to a 
very high value in perhaps a millionth of a second. 

Condition. (1) is readily taken care of by any gap and 

need not be further discussed; (2) is of some interest but is a 
condition generally not taken care of by a gap arrester—some 
results of tests will be given however; (3) is the steep wave 
front condition that represents lightning proper and with which 
we are mostly concerned. 


Relative Protective Value of the Horn, Sphere-horn, Selective 
Sphere Gap and Covered Gap. _ 

Impulse Voltages of Steep Wave Front. The spark-over volt- 
ages of various types of gaps are plotted with equal wet 60- 
cycle settings in Fig. 14. Values are plotted for both wet and 
dry electrodes. The wave applied was a single half-cycle of 
a 2000 kilocycle wave with a 340-kv. maximum; that is, at 
super-voltage. The rate of application of voltage of the wave 
front was thus about 70 x 10" volts per second. I believe that 
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waves steeper than this occur on lines in practise. 


existence of such waves on an operating line. 


steeper wave than the one under immediate discussion. 


It will be noted that the covered gaps give by far the best - _ q 


protection under this condition. For example, when all the - 


- gaps are set on the line at 100 kv., lightning voltage discharges 


respectively at 100 kv. on the covered gap, 115 kv. on the bal- 
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Fig. 14—Reuative PROTECTIVE 


_ anced covered gap, 225 kv. on the sphere of the sphere horn, 2 


225 kv. on the selective sphere, and 320 kv. on a horn. 
M oderate Wave Fronts. A similar comparison is given in- 
Fig. 15 for moderate wave fronts.. The impulses being single . 
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In. fact, ¥ 
I first noted that there was a difference between the 60-cycle - 
and lightning spark-over voltages of various electrodes by the 
The bushings 
on the line always “‘protected”’ the lightning arrester horns al-‘s 7 | 
_ though the horns had a lower 60-cycle spark-over voltage. - § 
By measuring the impulse spark-over voltages of the bushing 
and the arrester gap in the laboratory it was found that the: 9 
bushing protected the horn for a wave front at which the: — 
impulse ratio of the horn was over (2); this corresponds to a 


- follows from Figs. 3 and 5. 


\ 


half cycles of 100 kilocycle waves, the average fronts ranging 
from 0.5 to 1. & 10" volts per second. 


_ J[¢ will be noted that here, also, the covered spheres give the 


best protection. For example, at a 100-kv. line setting the 


- jmpulse spark-over voltages are respectively 100 kv. for the 


covered sphere, 110 kv. for the balanced covered sphere, 170 
kv. for the selective sphere, 178 kv. for a horn,or the horn of 


the sphere horn, 130 kv. for. points of the sphere-horn, and ,; 


of the 60-cycle wave but in the opposite direction (Case C). 
The relative effects are approximately the same for all of the 
types of gaps discussed. 1e lig 3 
Case B, Case C and the 60-cycle line voltage are called A, B, C 
and L respectively the lightning spark-over voltages are ap- 


If the lightning voltages for case A, 


proximately: ae 

CasovAnies Wises voit tye ah A 
: Case Bi. sce cick a een 
ot CBS0 Osea uae ean A+L 


222 kv. for thesphere. If these data are compared with that.in . Data.for Case Clare plotisl in Rie o16. 


adding points. This comes about, of course, due to the differ- 


ence between the wet and dry setting. Se | 
Ratio for Comparing the Relative Protective Value of Various 


Gaps. From the above discussion it is readily seen that in 


order to compare the relative protective value of various gaps 
two factors must be considered. : 


1. The increased 60-cycle setting imposed by operating con- | 
_ ditions to prevent the gap from continuously discharging due 


to rain or harmless surges. Let the ratio of the actual operating 
setting to the normal setting be called a where the normal 
setting is the setting that just prevents the line voltage from 
arcing over under ideal conditions. rar Oe 
2. The impulse ratio (or apparent. impulse ratio for the 
selective gap) for the wave under consideration. Let the im- 
pulse ratio be called 6 | 
The relative protective value of two gaps is then at 


For example -—a gap must be set at 50 kv. (max.) to prevent 
‘the 60-cycle line voltage from causing it to spark-over under 


ideal conditions. The relative protective values of a horn and 
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Fig. 17—Rewative Discuarce VALUES SPHERES, SELECTIVE SPHERES, 
CovERED SPHERES,—50,000 CycLe SusraiIneD OscILLATION— | - 
Data Table XIII setae 
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a covered sphere for the 2000:kilocycle wave are obtained as 


s 


8 


120 


© 
o 


HIGH FREQUENCY SPARK-OVER VOLTAGE KV. (MAX.) 


p 
o 


Covered Sphere 


Horn 
A. = 1383/75 = 1.77 __.. ~ 62 = 50/50 = 1 
oan. fi = 1.50 x 1.77 = 2.65 a2B2 = 1 


ai B1/ae B2 = 2.65 


The horn permits the lightning voltage to rise to 2.65 times 


the value of the voltages permitted by the covered sphere. 
Combination of Lightning and 60-cycle Voltages. The lightning 
spark-over voltage is a minimum when it occurs at the maximum 


of the 60-cycle wave and in an‘additive direction (case B). The 


lightning voltage is a maximum when it occurs at the maximum 


Q 
wig 


Fig. 14 the value of the sphere horn combination is well illus- é 
lustrated. For the. steep wave fronts the sphere affords the 

better protection, while for the moderate waves the horn 
affords the better protection and a still greater gain is made by ~ 


Ab} 


High Frequency Oscillations. ‘The effect of sustained high 


frequency oscillations not very highly dampened is shown in 
Fig. 17. -For connections see Fig. 13 (c). 
rarely that oscillations with such a low damping factor occur 
on a transmission line. 


It is probably very 


The arcing ground condition is more 
nearly approximated by a series of the impulses discussed above. 


Note that the horn and points give good protection for sustained 


oscillations. ; 
LINE INSULATORS, BUSHINGS AND INSULATION 


General. Line insulators and bushings should have a high 
impulse ratio or lightnmg arc-over voltage. The bushing men- 
tioned above as protecting the horn had a low impulse ratio. 
The 60-cycle and lightning spark-over voltages were nearly 
equal. The horn would have given protection in this case if 
the impulse ratio had been higher. Bushings are now designed 
with a high impulse ratio. ; | 

The 60-cycle spark-over voltage of a bushing or insulator 
is often very appreciably lowered by rain. It is fortunate, 
however, that the lightning spark-over voltage is not appre- 
ciably changed by rain. ; 

The data below were taken on different lengths of strings of 
Hewlett disk insulators. The impulse was a single half-cycle 
of a 200-kilocycle wave, or of very moderate wave front. | 


.. SPARK-OVER VOLTAGES—DISK INSULATORS 
(One side Grounded—Dry) 
String 


No. of 60-cycle Impulse Impulse String efficiency 
units § | spark-over | spark-over ratio efficiency impulse 
ool aes 200 ke. 60-cycle 200 ke. 

1 80 85 1.06 Say; 
2 142 167 L182; 0.87 0.98 
3 204 262 1.28 0.85 0.99 
4 261 345 1.36 0.81 1.01 
5 317 410 1.30 0.79 0.97 
6 368 eA axe 0.77 


Measured spark-over of string : 
String efficiency =~ : 
. _ Number of units in string X spark-over voltage of one unit 


It is interesting to note that even with this moderately 
‘steep wave front the lightning spark-over voltage is approxi- 
mately the product of the spark-over voltage of a single unit 
and the number of units in a string. The impulse voltage 
increases with increasing steepness of wave front. ‘ae 

The wet impulse spark-over voltage is approximately the. 
same as the dry. ! Shee | 

Impulse ratios of three or more have been obtained on bush- 
ings. More complete data on line insulators have been pub- 
lished elsewhere. ® : 

1 , CONCLUSIONS | 

1. There is a.great difference in the relative lightning spark — 
over voltages of different gaps as well as a great difference in 
the settings. imposed by operating conditions. Both of these 
factors must be considered: in comparing the relative protec- 
tive values. It is shown that if the lightning spark-over 
factor is represented bv the impulse ratio 8, and the setting 


6. “Factors Determining the Safe Spark-over voltage of Insulators 
and Bushings for High Voltage Transmission Lines,”’ F. W. Peek, Jr., 
General Electric Review, June 1916. . | 
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factor by a, the relative protective value of two gaps are 


° Oy Bi 
inversely as aie | | | 

2. 6B is due to time lag; a to the fact that the gap must be 
set so that the normal line voltage will not cause it to spark- 
over. Rain lowers the 60-cycle spark-over voltage of all gaps, 
and thus affects the ratio a. Rain does not lower the lightning 
spark-over voltage. easels 

3. All uncovered gaps require a high setting factor, because 
rain lowers the spark-over value at 60 cycles. The effect is 
much less for points than it is for spheres. _ | 

4. The covered sphere gives better protection than any un- 
covered gap, because both a and 8B are low. The protective 
value is constant under all conditions. : 

5. The sphere-horn, having electrodes of points, horns, and. 
spheres, gives very good protection over the whole range of 
frequency or wave front, due to the different values of a and 
B for its various electrodes. The spheres discharge the very 
steep waves, the horns the moderate ones, and the points 
continuous high frequency, waves of very slanting front and 
static. ! | 

6. The protective value of the selective gaps, as the name 
implies, varies with the wave front. Its protective value is 
a minimum for very steep wave fronts, and for waves of slant- 
ing front. Over a certain range its protective value is very 
good. ; 

7. The relative protective values of various gaps are shown 
in Figs. 14, 15 and 16. | 

8. The relative protective values of various gaps are ap- 
proximately mdependent of the point on the 60-cycle wave at 
which the discharge occurs, as shown in Figs. 14, 15 and 16. 

9, Data are given on the steepness of lightning waves actually 
occurring on transmission lines in practise. ; 

10. Bushings and insulators with equal 60-cycle spark-over 
voltages may have.entirely different lightning spark-over volt- 
ages <A bushing or insulator should be designed for a high 
impulse ratio or lightning spark-over voltage. | 

11. The lightning wet spark-over voltage of a bushing or 
insulator is the same as the dry spark-over voltage. 3 


APPENDIX 


TABLE II 
SPHERE GAP 


Wet and dry 60-cycle and impulse spark-over. 
6.25-cm. spheres—One grounded 2 in. rain per minute. 


————— . 


Spark-over voltage (maximum) 


Spacing —_———<—$ 
Vd 60-cycle 60-cycle Impulse | Impulse 
— and impulse Tis SaLKC, 500 ke. 
Inch Cm. . dry wet - wet ; wet: 
0.5 1.27 | 40 
1 2.54 68 33 71 72 
2 5.08 103 51 105 106 
3 7.62 121 617" 126 130 
CASE B 
Impulse assisting and at maximum of 60-cyce wave. 
. Impulse 
dry. 
500 kc 
———<$—$<$—<——<——_—_—_—_—_—_————— EEE 
Uh ee 2.54 52 ] ) 
2 5.08 60.5 | 
3 7.62 86 a 
Case C 
_ Impulse opposing and at maximum of the 60-cycle wave. 
1 batt 2.54 108 
2 5.08 148 
3 7.62 - 160 


No parallel gap——one discharge in five applications 60-cycle voltage 4 dry discharge 
voltage of the gap in cases Band C. . 


a aa a 


TABLE III 


60-CYCLE AND IMPULSE SPARK-OVER OF TWO GAPS IN SERIES. oe 


6.25-cm. spheres. i“ 
One sphere grounded. \" 


SSeS ie aN a Te A gi a te MOA amy 


Impulse 
Spacing 60 cycle spark-over spark- Impulse 
gap over _ ratio 
ET —e—EESSss__t ‘ey ry 
A B Sum | Measured : 
A B A A 500 G 
Inch Cm. | Inch Cm. : and B andB - ke. * 
See ne Una S nnn anne ———_—_—_—_——ooe 
Gaps not balanced for simultaneous spark-over 
2 
0.45 | 1.19 | 1.02 | 2.59 | 35 68 | 103 72 86 | 1.20 
0.45 1.19 | 2.15 | 5.46 | 33.7 107 | 140 106 129 1.21 
: — ~= secrete nerd ——_—_—_—_——_—_—_ 
Gaps balanced for simultaneous spark-over 
ae oped | 
0.45 1.19 | 1.02 | 2.59 ; 35 67 102 101 103 1.02 ‘a 
0.45 1.19 | 2.15 | 5.46 | 33.7 107 140 136 144 1.06 


Impulse voltages applied and increased in values until one spark-over occurred in five 
applications. No. 60 cycle voltage on the gap. 


= 


TABLE IV 
HORNS 
Wet and dry 60-cycle and impulse spark-over 
Voltage of horns (3/8 in.) 
0.2 in. rain—one horn grounded. 


Spark-over voltage—maximum 
ean POTN APN dra Nn SS 


Spacing Dry . Wet 

5 a 5 ———E | 
Inch Cm. 60 cycle |. 500 kc. 2000 kc. 60 cycle 500 ke. 2000 kc. 
0:25 0.63 19 eee 9.2 sate 
0.5 1.27 35 39.7 44.5 19.7 ahr 
1 2.54 50 53 63.5 31.0 45 
2 5.08 69 88 96.5 41.5 a 99 
3 7.62— 74.5 105 148 52 117 148 


TABLE V 
COVERED SPHERES 
Wet and Dry—60-cycle and Impulse Spark-over Voltage. 
-6.25-cm. spheres—One sphere grounded. 


pacing Spark-over Voltage—Maximum 


Do ee ee eS Ee as 


80 cycles | 500 ke. | 2000 ke. | 80 cycles | 500 ke. | 2000 ke. 
Inches |. Cm. dry its dry dry wet wet wet 


Case A—No. 60-cycle voltage on the gap. 


0.50 eee g euenere. oe ere aera eooee eee a 
1.00 2.54 68 68 . 68 68 ‘68 68 
2.0 5.08 103 103 ~ 103 103 103 bee 103 
3.0 7.62 | 121 121 12 121 121 121 
Case ‘B-Tm pulse assisting and at maximum of the 60 cycle voltage. 

1 2.54- 52 aieiscs ; 
‘2 5.08 | 60.5 
3 7.62 86 

Case C—Impulse opposed to and at maximum of the 60-cycle voltage. 
bik 2.54 108 : 
2. 5.08 148 ; 
3 7.62 TO eka ek cee he eis dace @ sa Se banawaaskerels 


No parallel gap—One discharge in five applications—60 cycle voltage % dry discharge 
voltage of the gap applied in cases B and C. 2000 kc (b) wave Table XIV. 
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TABLE VIII | 
SELECTIVE SPHERES 


Wet and Dry 60-cycle and Impulse spark-over 6.25-cm sphere—One Grounded 
0.2in. Rain per minute 


TABLE VI . 
Double Covered Sphere Gap—Balanced 
Balanced Wet Tat 
(0.2 in. Rain—6.25-cm. spheres—One sphere grounded) 


Gap setting Impulse cna 
Total Kv.max. spark over ey aa 
60-cycle dry total kv. max. 60-cycle Impul 
park ye Chu aa Spacing SPE, ‘spark-over 
a i. | x, . Vv. mans kv. max. 
ae | | 500 ke. 2000 ke. 7 RS Da Wet 
ae - I : 
ee Inches | Cm. Dry Wet — i i: Soc ES A 
: er ie ears oe Gs | 500 ke, | 2000 ke. | 500 kc. | 2000 ke. 
79 23.5 (oy / 89 91 rg ea a aL Pea Eo [a oe 
124 35 105 118 117 0.5° 1 1.97 32 34 
1 2.54 68 33 ' 49 48. 
: 4} 
=z Dry Dry 2 5.08 103 51 87 eer ae 74. Pe : 
: 3 7.62 a ke Meee il 109 114 104. 113 
48 14 433 61 51 ig feast Veet care ae 
a8 ae tee a a Case B—Impulse assisting and at the maximum of the 60-cycle wave. 
123 35 105 ine tao 122 1 2.54 SOE saske au & 
Average measured voltages. 2000 kc. (b) wave Table XIV. g Bs ee eee oF bol : Be Hs 
Case C—Impulse opposing and at max. of 60-cycle wave. 
1° 2.54 uC nTan ee aie Oy Sa 
| 9 5.0 4 3 . om, ee fre te eee 
' TABLE VII 3 res oe | ie ee | | eis 
SELECTIVE SPHERE-HORN 4 ea aes EGE Ras 


Applied 60-cycle voltage 3% dry 60-cycle voltage of the gap and cnt pitte one discharge 


(6.25-cm. Spheres with Auxiliary Electrode). One side grounded. tit 
in five applications. (2000 ke (a) wave Table XJV.) 


Gap setting 


__ | 60-cycle 60-cycle Impulse < 
spark- spark- spark- Apparent 
over over - over — impulse Impulse 
In, Cm. kv max. 4 gap total tatio ratio 
; kv, max. gap : 


Single half cycle 83 kilocycles 


X | 1.27 38 23 28 0.74 1.21 
2 5.08 105 67 81 0.77 1.20. | 
3 7.62 - 121 | 88 113 : Hin tecetge ’ 
3 0.94 1.29 COVERED DOUBLE SPHERE GAP—BALANCED 

Single half cycle 500 kilocycles 7.6-cm. spheres—Non-grounded 
7, | 1.27 | 38 eo DS | 32 0.84 1.40 
2 5.08 105 8%. en 287 | 0.83 1.30: QO Impul er: | 
3 7.62 121 | 88 109 0.90 1.24 spark-over Setting—60-cycles cea aan ee geet 

— ; kv. (max.) kv. (max.) 

Single half cycle 2000 kilocycles (a) wave 

as. 
Ke. Mae ao-)° 38 93 34 Ooo ai 1.48 Outside | Outside | Inside [‘ Sum | 
3 7.62 121 88 114 0.94 1.30. dry | wet | dry wet 
Impulse Apparent | Wave front? ’ ae it 
EpaeLs ereiee Bote 63.0. | 340°" saot 136 | 160° | 168 |142 | 138 |, 
eis hip ale sec; 51.0 |, 25.3. 75 100.2 | 123 109 | 109 | 105 
taieas 38.3 19.8 61 80.8] 85.5 | 96.7| 93 88 

i i a ee ee ee 29.6 oeee 49.6 Cy prury 71 62 val 73. 
3 7.62 121 88 113 0.94 0.4 x 101 14.1 Als Saat 31.1 SS 46.5 | 46.5] 50.5 
3 7.62 121 88 109 0.90 2.1 < 101 : ; 
3 7.62 121 88 114 0.94 9.1 X 10” s ; ; iM, 
3 7 69 121 88 110-120* 91-1.001 60 x10" uper-voltage impulses measured at equal spark-over. (2000 kc (b) wave: Table- XIV.) 
3 7.62 121 88 106-133* | 0.88-1.10] 110 x 10" ste 
3 7.62 121 88 130-132* |1.07-1.10] 1338 100 ; ‘ 


Above data for Case A—Impulse applied at zero of 60 cycle wave. 
(*Range of equal spark-over.—Super Voltages, (b) wave Table XIV.) 


TABLE XI 


| ‘TABLE IX SPHERES—IMPULSES 
SELECTIVE SPHERES 12.5-cm: Spheres—Non-grounded \ 
12,5-cm. Spheres—Non-Grounded Impulses 
Case—A 
Te Spark-over 
qa eine Sai Ae ae Seat Spacing kv. max. Impulse Spark-over voltage kv. max. 
a. -cycles . ES a es |e Set RVR Ry / ‘ 
ee). spark-over 2000 ke Voock: ance i ate kc.) 100 ke. 
i I i : - e s : ‘ ; 
Sei. Cm, Kv. (max.) 340 kv. (max.) single-half cycle. Inch Cm. ils ROA eke 9 5 i padi, Ai 
— || aera EY Ae pea Dr y Wet Dry Wet Dry Wet 
Dry Wet Dry Wet Dry Wet See 
2.80 7 Sg barr erred bre gene aren al eT a ea go em ovcerrmrer aad (nel ME Ik 7.10 162 66 
10 162 66 13 : : 164 eden 162 , 
5.3 3 153 107 109 : y 
4 13.5 227 102 233 ane = a 5.34 13.5 227 102 227 .227 A ee 
Super Voltage Impul Super-voltage impulses measured at equal spark-over & 
pulses measured at equal spark-over. 2000 kc. (b) wave. 2000 kc (b) wave Table XIV. ang 


5 
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TABLE XII 


IMPULSE SPARK-OVER VOLTAGES WHEN THE 60-CYCLE LINE VOLTAGE 
“IS ON THE GAP.—CASE C. ane . 


Ap- 
60-cycle plied Impulse spark-over kv. max. 
Spacing spark-over 60- 2000 kc. 
cycle j 
: Case C 
j Case A Sum measured _ 
| Inches | Cm. Kv. max. Kv. No. 60-cycle A&lL. impulse’ . 
Dry | Wet Le Dry | Wet. | Dry | Wet Dry Wet 
Selective spheres 12.5-cm. 
2.80| 7.10| 162 66 50 138 | 135 188 | 185 160 | 161 
5.341) 13.5] 227 102 76.5 DOT ieee 303 303 296 305 
| Spheres 12.5 cm. 
eke ena no ee ee 
2.80 | 162 | 66. | 50 ee 164 | 214 | Reon Oe 217 
5.34] 13.5 | 227 102 76.5 | 227 227. | .303 303 305 305 


Covered Spheres 6.25-cm. 


8,70) .1:8 | s0'[" 80 37.5 | 50 50 | 87.5 ett | | 87.5 

Mera sl 4.0.) 100. 100; )- 75 \ 100), 1100.0 )-175.. 1805 co Aeon | PES 
Horns 

rd EI USOl7 | 28) al eBStS [i807 | p81 O-[2 Soul xOFen L. 20 

>»  |5.08 | 40.6| 67.5 | 30.5 | 105 | 110 | 135.5 | 140.5 | 124 | 153 

Betz 62:0 162 3S | rugs (ea0iy-| 450.5 |7,1500:) 184) 4288.2, | ACS op Age 


5 De SA 1 IG ne MS ea 
Case C—Impulse applied opposed to the maximum of the 60-cycle wave. 
Applied 60-cycle kv. 75 per cent of wet 60-cycle spark-over. 
Gaps not grounded. One discharge in five impulses. 
2000 kc. (b) wave Table XIV. 


2.80 | 7.10 { 112 105 100 95 77 90 77 
5.34 | 13.5 | 200 143 131 12 126 127 120 122 170 186 
SS, Se ee 
Spheres 12.5 cm. . 
2.80 7.10] 162 106 162 {126 163 106 162 118 163° | ...- 
5.34 | 13.5 | 227 173 227 1164 {12.27 | 173 227 169 227° 


(eae ON eee ee Re 
eee 50 | 50 be ere 50 | 50 | 50 | 50 50 
set S100 400 2) 100. Tl oe Mee deel os ee: 1) 200" 100) 10050110016 200 
. — at 
Inches Cm. Horns 
1 2.54] .... | ---- | 58 f 38.5 F ...- Pewee [veces | eee og 
2 BOS oe hocece be 82, 64 Raye) | leo Caaawy we | aoe ae 
3 762" 2. 97 67 Paine, 
5 . o y 
Sale ; 
Points: 
fa: 2.54 28.5| 28.5 Roy ta Woe rom os ewe tities eter eis | Eyre 
“Kg 5.08 x 46. ecole ei See acolo alisha areas Lee 
8 7.62 64 ee ae Vee ein, (Ea inant Shas | Be 
4 10.2 5 wn fe om Sele Picnca hance fh easton pies em brea: 
eS 12.7 é 88 SSG SUC ial reel Pmen tryed Deere PL AG 
Y 


TABLE XIII 


SPARK OVER VOLTAGES OF GAPS FOR SUSTAINED HIGH FREQUENCY 


OSCILLATIONS. 


Gap-setting Frequency of oscillations— 
Spark-over kv. max. 


160,000 from 
Cm. 19,600 50,000 100,000 200,000 _—‘ {high freq. coil 


fT SI a ee eee ee Ce errerr] (merece (ne arrester er caer ae fa Ra Te 


Inches 


Dry | Wet | Dry } Wet | Dry | Wet Dry | Wet Dry | Wet 
Selective Spheres 12.5-cm. 


92 , 108 | 125 


j Double gap—Balanced—Covered 


Setting 
Kv.-60 cycles 
Wet : 
100 See 985 inc, pkOe eetereeal toa 93 100 112 112 
130 Se LOE: ..e- 1126 cove * 328 132 124 147 .| 150 


Seen ee ae ee EERESHET HT GELE Len) Sa Le 
Covered Spheres 


TABLE XIV 


IMPULSE. GENERATOR CONSTANTS 
: , Capacity’ | Inductance ‘ 
Impulse Wave farads henrys Resistance 
83 Single Half 1.25 x 10? 3.73 x 107% 1000 
Cycle—Sine 
100 Single Half 1.25 X 10°? 3.73 X 1073 2000 
Cycle—Sine 
500 _ Single Half 0.62 X 10° 0.28 X 107% |. 750 
Cycle—Sine ; 
2000 Single half 0.625 x10 3.34 x105 450 
Sine (a) : 
2300 . (b) wave 1.25 x 10° 8.7 x104 3000 
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The Effect of Transient Voltages on Dielectrics— III 


(An Investigation with very High Lightning Voltages.) 
a | F. W. PEEK, Jr. er ne 


Member, A. I. E. E. 
General Electric Company, Pittsfield, Mass. 


Review of the Subject.—During a thunder storm light- 
ning voltages that reach the transmission line appear across insula- 
tors, transformers and other apparatus at the extremely rapid rate of 


millions of volts per second. With this rapid rate of application the — 


voltage may reach a very high value in a microsecond (millionth 
of a second). Hence, since there is always a delay or lag in the 
breakdown of insulation, quite peculiar effects result from these 
voltages. For instance, some remarkable phenomena that take 
place are: Much higher lightning voltages are usually required to 
jump @ gwen distance than voltages at normal operating frequency; 
conductors at normal frequency voltages are often good insulators 
for lightning voltages; water may be punctured like oil; the wet 
‘and dry spark-over voltage of insulators are equal; the lightning 
discharge has a decidedly explosive effect, etc. In addition to the 
characteristics just mentioned, a study has also been made of the 
change in voltage and shape of a lightning wave as tt travels over a 
ransmission line at the velocity of light. 

In order that a laboratory study may be of a practical as well 
as a theoretical interest, it is necessary to be able to reproduce 
lightning voltages in the laboratory on a large scale and of known 
characteristics. This investigation was started some years ago 


FORMER INVESTIGATION—THE LIGHTNING GENERATOR 


HE first paper of this series, published in 1915, : 
described a generator for producing lightning 
impulses of a predetermined shape and voltage.! 

The maximum voltage of this generator was about 
200 kv. Quite complete data were given at that time 
on the time lag and lightning spark-over voltages of 
various gaps, line insulators, ete. Data were also given 
on the lightning breakdown voltage of oil, air and solid 
insulation, corona produced by lightning, etc. It was 
found convenient to term the ratio of the lightning © 
spark-over voltage to the continuously applied or 60- 
cycle voltage the “impulse ratio.”’ This term has since 
come into general use. 

The second paper dealt more particularly with 
lightning arrester gaps.? ies 

The voltage and capacity of the impulse generator 
has been increased from time to time as higher exciting 
voltages have become available. During the past year 
the voltage has been increased to about two million 
maximum, while the power may be millions of kilo- 
watts. Two million volts is higher than most lightning 
voltages that are induced on transmission lines. Tests 
can now be made in the laboratory at voltages and 
energy approximating operating conditions. It seems 
desirable, therefore, to report progress at this time. 

1. Peek, Jr., F. W.—‘‘The Effect of Transient Voltages on 
Dielectrics,—I.’”’ Transactions, A. I. E.E. 1915. 

2. Peek, Jr., F. W.—‘‘The Effect of Transient Voltages on 
Dielectrics,—II.”” Transactions, A. I.E. E. 1919. 


Presented at the Annual Convention of the A. I. E. E., 
Swampscott, Mass., June 26-29, 1928. 
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with a 200-kv. generator. The generator has been added to from 
time to time until now, 2,000,000 volts are available and single 
lightning strokes can be obtained that increase at the rate of 50 
million million volts per second. The power is of the order of 
millions of kilowatts. It is believed that this generator closely 
approximates voltage and other conditions that usually occur on 
transmission lines. The lightning voltages used in this investi- 
gation were far in excess of any heretofore produced in a labora- 
tory. This impulse generator discharge must not be confused 
with that produced by an oscillator. The lightning generator, 
unlike the ocillator, discharges with a loud sharp report or crack. 

The photographic study shows the lightning spark-over of insu- 
lator strings that are of such a length as rarely to spark-over in 
practise even in bad lightning country. The photographs of the 
flashes show all the characteristecs of lightning such as a zig-zag 
path, side flashes, etc. 


The study of the travel of the lightning wave on Wensmission 


lines is of interest. It indicates for instance, a certain protective 
effect of corona and shows that under certain conditions inductance 
coils may increase the lightning voltage four fold. Certain phases 
of the ground wire have also been studied. 2 7 


The methods of making the tests and predetermining 
the characteristics of the impulse have already -been 
adequately described in the first paper of this series. 
For convenience, a very brief description will be given 


Transformer 


= 


= 


Fic. 1—Impuutse GENERATOR CIRCUIT 


here. The circuit is as shown in Fig. 14. The gap 
G is set at some desired voltage. The transformer 
voltage is increased until discharge occurs. At that 
instant the condenser C is charged up to a voltage 
corresponding to the gap setting. A dynamic are 


forms at G and holds. This acts as a switch and the © 
condenser discharges through the known inductance L 
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and resistance R. The circuit that produces the im- 


pulse is shown in Fig. 1B or is, in effect, that shown in 
Fig. 1c. The condenser discharging through the 
known resistance and inductance causes a transient 
current that can be readily calculated. This current 


Fig. 2—2,000,000 Voir Imputse or LIGHTNING GENERATOR 


produces a transient voltage drop across R. This is the 
impulse voltage used in the test. 7 


The lightning generator in its present form in the 


“High-Voltage Engineering Laboratory’ at Pittsfield 
is shown in Fig. 2. The condenser C of Fig. 1 is shown 
supported on post insulators. It will be noted that C 


Ee | 2 Gq 


100 


80 


INSTANTANEOUS VOLTAGE IN PERCENT OF MAXIMUM 


(00m O08 «Ole O16N 020 = 0.24 ~ 0280.32) «1-036 
TIME IN MICRO-SECONDS 


Fig. 3—WaAveE Suare or LicuHtnine USED IN THE TESTS 
Wave shape No.1. Two million-volt impulse generator. 


is made up of a number of cells or frames with ten plates 
in series in each frame. The plates are made of glass 
coated on both sides with tin foil. The insulated 
stands as shown will hold fortyeight frames or cells or 
four hundred and eighty plates. More cells can be 


de. 7 
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added at will. In fact, it is planned to. increase the 
number of plates to one thousand. 


The capacity per plate is 0.0112 microfarads; per cell, 


0.00112 microfarads. The cells are readily arranged in 
multipleand seriescombinationsasrequired. Threecells 
in series on each side operate satisfactorily at a million 
and a half volts maximum to ground. . In the “‘set-up” 
shown, a series of tests were made up to 1500 kv. max. 


The energy available for the discharge is proportional 


E?C 
2 


to . The inductance L is that formed by the 


rectangular circuit. The resistance R is a water tube 


of 5000 ohms. This particular arrangement gives the 


wave shown in Fig. 3. 


Fig. 4—1,500,000-VoLt LicgHTNING STROKE BETWEEN Points ° 


, 


Fie. 5—1,500,000-Vour Licut- Fra. 6—Turex 1,500,000-Vorr 


- NINGSTROKE BETWEEN Points LIGHTNING STROKES BETWEEN 


Note zig-zag path and character- PoINTs 
istic side flashes of lightning. Note’ that successive strokes do 
not follow the same path. 


NEEDLE GAPS—DISCHARGE HAS ZIG-ZAG PATH AND 
CHARACTERISTIC SIDE FLASHES OF LIGHTNING— 
SAME Laws FOLLOWED AS AT LOWER VOLTAGES 


Fig, 4 shows a discharge of 1500 kv. max. between 
points. This type of discharge must not be confused 
with the high-frequency discharge produced by an 
oscillator. This discharge takes place with a loud 
explosive report. It will be noted that the general 
appearance of the spark resembles a lightning flash. 


In addition to the “zig-zag”? path a close examination | 


of Fig. 5 will show characteristic side flashes. In Fig. 


6 three discharges are produced on the same plate. 


It will be noted that no two occur in the same place. 
The lightning spark-over curve for needles is given in 
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igs. V- Confirming data given in the previously 


mentioned papers the impulse ratio is high for points. 


SpHERES—SAME LAWS .FOLLOWED AS AT LOWER 
VOLTAGES. SERIES RESISTANCE INTRODUCES 
TIME LAG 


Figs. 8 and 9 show the discharge between spheres. 


| The great thickness of the spark (over 3 in. in diameter) 
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Fig. 7—LiguTning SPARK-OVER CURVE BETWEEN POINTS 


Hig. 8—LigHtnine DiscHARGE BETWEEN SPHERES 
Note thickness of the discharge. 


Fig. 9—LicgutTninc DIscHARGE BETWEEN SPHERES 
Note thickness of discharge. 


Shows the large current (approximately 10,000 amperes) 
In this discharge. In measuring the maximum light- 


ning voltage with sphere gaps it is important to have 


no appreciable series resistance. Series resistance 


will give the sphere the characteristic of the needle 


} 
i's} 
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gap. It takes time to charge the capacity of the sphere 
through the high resistance. ieee 
This is illustrated by the following data: 


Applied 


- lightning Series 12.5 ecm. spheres | 60-cycle spark- 


- voltage kv.(max.)| resistance ohms gap cm. setting over kv. (max.) 


106 8) 9 106 

106 2,500 3.60 98.5 
106 2,000" 3.30 92.0 
106 10,000 2.80 80.0 
106 20,000 2.30 66.0 
106 30,000 2.05 59.1 


Constant lightning voltages were applied to the 
sphere and series resistance. As the series resistance 


was increased it was necessary to reduce the gap as 


indicated in order to obtain spark-over with the same 
applied impulse. The effect of the series resistance 


Fic. 10—Dry 60-CycLe SPARK-OVER OF A SHIELDED STRING OF 
INSULATORS 


Are clears the. string 


increases with increasing wave front. This arrange- 
ment may be used, therefore, to indicate the duration 
and wave front of a transient. — | 7 


LINE INSULATORS—EFFECT OF 1,200,000 VoLT LIGHT- 
‘NING STROKE—LIGHTNING DOES NOT FOLLOW 
Drip DURING RAIN ON SHIELDED STRING 


Previous tests showed that the wet and dry lightning 
spark-over. voltages of insulators were equal. Tests 


made at‘the higher voltages further confirm these data. 


These tests are, however, particularly important from 
the practical standpoint since they give the lightning 


‘spark-over characteristics of very long strings of insu- 


lators: Laboratory tests have been made at higher 
lightning voltages than usually occur on operating lines. — 
Fig. 10 shows the characteristic dry 60-cycle arc-over — 
on a shielded string; the corresponding lightning spark- 
over is shown in Fig. 11. Fig. 12 is of great practical 


\ 
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importance. It shows that the lightning spark-over 
clears the string during a very heavy storm. The 
great display is due to the illumination of the drops. 
_ The drops appear stationary in space because the 

photograph was taken by the light of the spark lasting 


—_— 


Fic. 11—1,200,000-VoitT LIGHTNING SPARK-OVER OF A SHIELDED 
String or INsuLATORS—DRyY 


Spark clears the string 


less than a millionth of a second. It was found that 
the wet and dry lightning spark-over voltages were not 


reduced by the shield. Fig. 13 shows a non-shielded © 


string struck by lightning. 
A few years ago the author’s attention was called to 


Fig. 12—1,200,000-Voir Lightning SPARK-OVER OF A SHIELDED 
StRING oF INSULATORS 


During a heavy rain. Note rain drops illuminated by the flash. The 
illumination differs from that in Fig. 11. The spark clears the string. 


some suspension insulator units of the cemented type 
that had been punctured through the head, apparently 
the result of a direct stroke. In these insulators, not 
only was the porcelain in the head shattered, but the 
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metal cap had the appearance of having been punctured 
by a bullet shot through from the inside. Recently, in 
puncturing a glass plate in the laboratory a heavy foil 
coating was punctured in the same manner. This 
seems to be due to an “explosion” between the insula- 
tion and the foil. The foil is shown in Fig. 14. 

As in the case of spheres, if a resistance is placed in 
series with an insulator the lightning voltage necessary 
to cause spark-over is greatly increased. The following 
insulator spark-over data are given as an example. 


Fra. 13—1,200,000-Votr LigHTNING SPARK-OVER OF A NON- - 


SHIELDED STRING oF INSULATORS—DRY 


Fic. 14—MerraL “PunctTuRED” BY LIGHTNING 


LIGHTNING SPARK-OVER VOLTAGE—INSULATOR IN SERIES 
WITH RESISTANCE 


60-cycle — Lightning \ 
Series spark-over spark-over 
resistance voltage kv. voltage kv. 
ohms (Max.) (Max.) 

(8) 119.0 127.0 
5,000 119.0 190:0 
10,000 119.0 235.0 
20,000 119.0 320.0 
30,000 119.0 420.0 


50,000 119.0 600 .0 


The resistance has the effect of increasing the time 
lag. In these tests the gap (insulator) was kept: con- 
stant and the impulse spark-over voltage measured 
with increasing resistance. In the sphere gap tests 
above, the impulse was kept constant and: the gap 
varied. - | 
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| Incidentally, these tests show how useless a high- 


‘resistance arrester Is. 


PROPAGATION OF LIGHTNING ON TRANSMISSION LINES 


DECREASE IN VOLTAGE DUE TO CORONA AND OTHER 
LOSSES. CHOKE CoILS CAUSE DANGEROUS 
- VoLTAGES—GROUND WIRE— REFLECTIONS 


A study is being made of the propagation of light- 
ning on transmission lines. It is possible at this 
time to report only the preliminary study which 
seems to be of considerable practical interest. In 
these preliminary tests an impulse with a front equiva- 
lent to that of a 5,600,000 cycle sine wave was applied 


to a short transmission line. The length of the front 


of this wave from zero to maximum was approximately 
96 feet (12 meters). The maximum. length of line 


used was made up of two parallel wires each 280 feet — 


(85 meters) long and spaced 3 ft. (0.92 meters) apart. 
The diameter of the wire was 0.04in. (0.102 cm.). 


‘The object of the small wire was to cause a high corona 


loss, and thus get the attenuation effects of a much 
longer line. Corona produced by these transients 
could readily be seen and the eye could differentiate 
between the positive and negative wire. | 

The general connections used in studying wave propa- 


gation are shown in Fig. 15. The data will be found in 


Table I. Fig. 15 shows the arrangement for test 3 of 


Table I. The impulse was applied to the line and the 


voltage measured at the start, in the center of the line, 


280 Ft. Lines open at far End 


eseaseed 


True Kv by Spheres - 

_ lmpulse 
ar =24 end 
a4 Kv by needles 


R=17 ; 
64 Middle 


peter Far end 

74 2 

Fig. 15—GrnreraL Connections Usep 1n Stupyine Propa- 
GATION OR TRANSMISSION LINES : 


Figures give voltage as measured by spheres, impulse ratio and voltage 
aS measured by needles. é 


and at the end. Both needles and spheres were used 
to measure the voltage. The sphere measures the 
correct maximum voltage, while the needle always 
Indicates a-lower voltage. The steeper the wave the 
lower the voltage that is indicated by the needle. The 
ratio of the sphere and needle voltages, or the impulse 
ratio, is thus a measure of the steepness of the wave. 
The higher the ratio the greater the steepness. Refer- 


| Ting to Fig. 15, test 3, a 138-kv. impulse was applied. 


The needle gap indicated 56 kv. or an impulse ratio of 
2.4. At the center of the line the maximum voltage 
of the wave was reduced 18 per cent while the wave _ 
front was flattened out as shown by the impulse ratio 
of 1.7. It is interesting that the needle gap indicated 
a higher voltage in the center than at the start. If the 


voltage decreased at the above rate it would have a 


value of 80 kv. at the end. Actually, approximately 


Non-Inductive Resistors shunted 
across Inductance Coils. Far end open 


Inductance Coils at far end. 0.00047 
henriea each. Far end open 


Impulse |" 
End 


* Middle 


Far 
End 


R=2.7 
87 93 


Fic. 16—Licgutnine Propaca- Fig. 17—LicHtTnine PropaGga- 

TION ON TRANSMISSION LINES TION ON TRANSMISSION LINES 

INDUCTANCE AT END oF LINE INDUCTANCE AT END or LINE 
‘SHUNTED BY RESISTANCE 


double this value was measured; in striking the end 
the voltage doubled in value as would be expected. 
The wave front was also steepened at the open end as 
shown by the impulse ratio. ; bette 

> Tn test 4, the line was short-circuited at the far end, 


while in test 5 the far end was closed by a resistance 


approximately equal to the surge impedance. In 
both cases, the voltage and impulse ratio at the start 
and in the center of the line were approximately the 
samé as for the open line. ; 3 

Of great practical interest is test 7, shown diagram- 
matically in Fig. 16 where inductance coils were 
placed at the end of the line. In this case the wave 
almost doubled up. on reaching the start of the reactor. 
At the far side of the reactor a very high voltage 
appeared. This voltage, 238 kv. was almost: double 
the impulse applied to the line and probably three 
times the voltage that reached the start of the reactor. 
Under these conditions the reactor would be dangerous. 
By shunting the reactor by a resistance, test 9, Fig. 17, 
the voltage was greatly reduced. A greater reduction 
in voltage is found when the far end is shunted by a 
capacity. $e ogee bed 

Tests made by applying the impulse between one 
wire and the ground are given in Table II. A compari- 


gon of tests 12 and 13 is of interest. Test 18 is similar 


to test 12 except that the wave was split at the start. 
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TABLE I 
PROPAGATION OF LIGHTNING ON TRANSMISSION LINES 


June 1923 
SisiinTs sn E TTT yaaa 
Start 
Test : Voltage (Max.) 
num- Arrangement Impulse 
ber ; Parallel wires Sphere | Needle | ratio 


1. |Line 6’ (1.84 meters) long—open at far | 
ends 027... Spee EMM se) A rene bee eat 
2 |Line 140’ (43 meters) long—open at far : 
OTN eases coles chars Mas satiate ot aenelerens eiplole 137 56 2.4 
3 |Line 280’ (86 meters) long—open at far 
CTA ser tevelels Crane cere Sis arene ete tenes: ots 133 56 2.4 
4 |Line 280’ (86 meters) long short circuited 
Ab LAL CMO ss ccd eeenetaleh arene te rel onorereneisyecszs 139 57 2.4 


5 |Line 280’ (86 meters) line short circuited 
at far end by resistance = approximatv 


surge imped. = (850 ohms).......... 132 54 2.4 
6 ‘jLine 280’ (86 meters) line open with 425 
ohm resistance in series on each line... 133 54 2.5 


7 {Line 280’ (86 meters) line open at far end 
with an inductance coil in series in each 


8 |Line 280’ (86 meters) closed at far end 
with an inductance coil in series in each . 
«dime... eee eee ee eee Udi dinieia'se(s)s/ eke," ° 134 55 2.4 


9 |Line 280’ (86 meters) open at far end. 
Inductance shunted by resistance.... 132 55 2.4 
10 {Line 280’ (86 meters) end closed by a 


condenser........ BAS US Sa TeEe 136 60 Oe ee 


‘11. =|Single 280’ (86 meters) line ground re-| | 
turn-end open....... ORAS RR ccaoe: ey 116 51 2.3 


IVoltage (Max.) 


Start of Inductances 
Middle or Resistances Far End 


Voltage (Max.) Voltage (Max.) 


Impulse Impulse 


Impulse 


‘Sphere | Needle | ratio | Sphere | Needle| ratio | Sphere Needle | ratio 


i fe | | | RS | 


None 191 71 2.7 
None 194 78 235 
110 64 127, None 168 74 2.3 
100 51 2.0 None 0 0) 0 
Short circuited 
Resistance = surge | 
impedance 
99 48 2.1 85 47 1.8 End closed 
104 59 1.8 163 71 2:3 160 | 7 0) Nano | asi 07 aia Sa 

103 | 55 1.9 146 72 2.0 238 87 2.7 
108 . 54 1.8 148 64 23 0 0 0 

L = .47 mile henries End closed 
102 56 1.8 153 Le 2.1 150 93 1.6 
102 54 1.9 Semel - 92 44 2.1 
158 61 | 2.6 


Size of conductor 0.04” (0.102 cm.) Spacing 3’ (91.5 cm.). 5600 Ke. Wave. 


TABLE II 
PROPAGATION OF LIGHTNING ON TRANSMISSION LINES 
; Start Far End 
Test Voltage (Max.) to ground Voltage (Max.) to ground 
num- ee | impulse, | | ty else 
ber 3 Arrangement Sphere Needle ratio Sphere Needle ratio 
NS eA eae a cele ee TS Dah pe ie 
12 Single wire 280’ (86 meters) long-open at far end. Im- 
pulse between line and ground...........- RES Ee RA Rc 133 56 2.4 - 151 65 2.3 
13 Two wires connected at start 280’ (86 meters). Volts 
between wire and ground.............+-+-- peepee t 133 56 2.4 113 62 Le7 
14 Single wire 280’ (86 meters) single ground wire 3’ (.91 Na 
4 meters) distance grounded at far end.......... sees 133 56 2.4 146 64 2.3 
15 Same as (14) ground wire grounded at start and end..... 133 56 2.4 148 66 2-2 
16 Two parallel wires each 280’ (86 meters) connected to- 
| gether atfar end. Impulse sent out on one and back 
on other at total of 560’ (172 meters)..........---- 133 56 2.4 136 61 1.9 


Size of conductor 0.04” (0.102 cm.). Distance to ground 25’. 5600 Ke. Wave. 


and sent over two wires. . The result was a considerable 
reduction in voltage at the far end. 

When the impulse was applied between one wire 
and ground it was observed that the attenuation was 
greater when the wire was positive than when it was 
negative. That is, the voltage was always higher 
at the end of the line when the wire was negative. 


The effect of a ground wire in absorbing energy and 
thus reducing the lightning voltage is indicated by 
comparing tests 12, 14 and 15, Table II. This effect 
is quite small. However, this is only one phase of the 
ground wire question; it is in no way a measure of the 
value of the ground wire in reducing induced voltages 
or of protecting. from direct strokes. 3 


That phase of the problem is being investigated. 
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THE DIELECTRIC STRENGTH OF ‘‘CONDUCTORS” 


CONDUCTORS AT OPERATING FREQUENCIES MAY BE 
INSULATORS FOR LIGHTNING. IMPORTANCE OF 
Low RESISTANCE ARRESTER 


When voltage is gradually applied between metallic 
terminals separated by an insulating material, there is 


no appreciable flow of conduction current. If this. 


voltage is increased so that the stress is of the order of 
30 to 200 kv. per cm. of insulation, puncture suddenly 
occurs at some point; the insulation breaks down and 
conducts through the are. If the insulation is replaced 
by conducting material the current increases with 


increasing voltage, and the conductor either melts — 


or boils away before a small portion of a stress of 
30 kv. per cm. can be placed across it. By suddenly 


J é 


“ > 5 , ; : ¢ , 
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applying the voltage very high stress can be obtained 


~ gcross conductors without appreciable heating. Cer- 
tain conductors can thus be subjected to the same 


voltage stresses as insulations. By means of the 
impulse generator it was found possible to puncture 
me =. ay | 

In this test the voltage of the impulse applied to the 
water was increased until disruptive discharge or spark 
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Fig. 18—Disrurtive STRENGTH OF WATER BETWEEN 2.54 OM. 
Brass SPHERES 
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SPACING IN CMS 


Fig. 19—Disruptive STRENGTH OF WATER BETWEEN 60- 
DEGREE POINTS 


took place. The water was actually ‘“ounctured.”’ 
The appearance of the spark was very much like a dis- 
ruptive discharge in air or oil and was quite ‘violent. 
Tests were made with both point and sphere electrodes. 
It was possible to cause voltages as high as 165 kv. 
across 1.50 em. (0.6 in.) of water. Since the time of 


application was about one micro-second (10° seconds) — 


F’ 
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there was no heating. Applied in the usual way overa 
few seconds not 1 per cent of these voltages would be 
possible without causing the water to boil out. 

The results of the tests are given in Table III and 


plotted in Figs. 18 and 19. The spark-over voltages 


for the same electrodes with the globe filled with air 
were also measured and are given on the curves. It 
will be noted that the disruptive strength of water is 
much greater than that of air. 


TABLE III 
TRANSIENT DISRUPTIVE STRENGTH OF WATER 
2.54 em. Spheres 


Impulse kv. Impulse kv. 


{ 

Gap cm. | (Max.) water (Max.) air | Ratio 
0.1 49.5 3.5 | 14.4 
0...2 86.0 feats) | 12.3 
0.3 105.5 11.0 | 9.6 
025 126.0 17.5 | 7a2h 
0.7 137.0 24.0 SEG 
1.0 149.0 33.0 | 4.5 
1.3 159.0 42.0 | Wie ORS Yo 
1.5 165.0 46.0 3.6 

Resistance 20,000 ohms 

60 deg. Points 1/8 in. Rod 
1.0 56.5 25.0 2.25 
2.0 72.0 35.3 | 2.15 
3.0 92.0 41.0 AQI25 
4.0 113.0 46.5 2.42 
5.0 134.0 51.5 2.61 
6.0 156.0 56.5 2.76 


Resistance 40,000 ohm 


Nore. Tests made with single half cycle of a 500-kilocycle wave. . This 
wave was, therefore, not as steep as waves used in some of the other tests. 


The results of this test are in agreement with the 
tests above which showed the wet and dry spark-over 
voltages of insulators to be equal. The test also shows 
that “insulation” that is not good or is, in fact, a con- 
ductor at operating voltages may be very good insula- 
tion at lightning voltages. This again emphasizes the 
importance of low-resistance lightning arresters. 


CONCLUSIONS 


Lightning voltages are now available in the laboratory 
which exceed those usually induced on transmission 
lines. This conclusion is based on the fact that insu- 
lator strings of the length flashed over in this investi- 
gation rarely spark-over in practise due to lightning. 
An investigation on lines in Colorado also showed that 
lightning voltages in excess of 400 kv. were rarely 
induced on lines. This, of course; is not a direct meas- 


ure of the voltage of the lightning bolt. The lightning 


voltages used in the investigation were far in excess 
of any heretofore produced in a laboratory. 

The lightning spark-over of various gaps follow the 
same laws at these extremely high voltages as at the 
lower voltages. | 

It usually takes a higher lightning voltage to “jump” 
a given gap than a low-frequency voltage. When it is 
considered that two million volts bridge only a few feet, 
the voltage of the lightning bolt from cloud to cloud or | 
cloud to ground must be exceedingly high. | 

A photographic study shows that the laboratory 
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lightning has the characteristic zig-zag path and side » 
flashes of cloud lightning. The discharge also takes — 


place with an expiosive report. 

The lightning spark-over of insulators is not greatly 
affected by rain or weather conditions. On a shielded 
string of insulators the spark may be made to elear in 
both fair and rainy weather. The lightning spark-over 
voltage is not reduced by the shield. _ 

Certain materials that are conductors of ayotlena te 
resistance at normal frequency voltages may be good 
insulators for lightning voltages. Tests in this direc- 
tion indicate at once how useless a high-resistance 
lightning arrester is. 

In measuring lightning voltages resistance must not 
be used in series with the sphere gap. Resistances so 
placed give the sphere gap all of the time lag character- 
istics of the needle gap and the spark-over voltage 
varies with the wave front. 

The investigation of the change in characteristics of 
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McEACHRON: HIGH-VOLTAGE DISCHARGES 


lightning waves as they travel along a transmission line © 


shows a decrease in voltage and flattening of the wave 
front due to corona and other losses. The waves tend 


to double up or increase on striking an open line or an — 


An-inductance may be a real source of 
Under certain conditions the voltage on the 


inductance. 
danger. 


far side of an inductance may be increased to three or 


four times the voltage that reaches the inductance. 


In general, inductance to be safe should be shunted by © 


resistance. 

With these high lightning voltages and currents it is 
possible to investigate the protective value of ground 
wires and also of lightning rods. This investigation is 
under way. _ | | 

I acknowledge the assistance of Mr. W. L. Lloyd 
in conducting the laboratory work. 
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‘The Effect of Traveicit Voltages on 
Dielectrics—IV 


Law of Impulse Spark- over and Time Lag 


Relative Effects of Different Wave Shapes—Comparison of Lightning Waves 
and Laboratory Waves—Coordination of Line Insulation 


F. W. PEEK, JR.* 


Fellow, A. | BB Da a 


Synopsis. The law, of time lag and impulse breakdown 1s de- | 


rived from experimental data. This law, which appears to be 


rational, shows that a given amount of energy is required to cause ° 


breakdown of a gwen gap and that voltage and time are tnter- 
dependent. It is quite in accord with the work in the original paper 
and applies to breakdown on rectangular. waves, on the front of 
slanting waves, or to overvoltages on standard waves.1 By means 
of simple formulas the results for. any wave can be calculated or the 


effects of different waves correlated. 
Three general types of impulse tests, dependent on the form of 


wave used and the spark-over pom selected, are discussed as 


follows: 
1. The so-called ‘“‘rectangular”’ wave with spark-over on the top 


2, The uniformly rising voltage with spark-over on fronts of 
various slopes 


at 


I. INTRODUCTION 


T is the object of this paper to discuss the relative 
effects of different- forms of voltage transients on 
insulators, gaps, and insulation; to show how the 

effects and breakdown voltages of various types of 
transients are related; and to compare natural lightning 
waves with those used in the laboratory. Such knowl- 
edge is necessary in making a comparison of insulators, 
insulation, and in coordination. The law. of impulse 
spark-over has been determined and formulas have been 
developed to predetermine time lag and breakdown 
voltage for the various types of transients. 


When voltage is applied between electrodes in air 
or other gaseous insulation and slowly increased, 
This is the minimum 
voltage ythat will cause failure for the given condi- 
tions. With a rapidly increasing. voltage, break- 
down does not take place when this minimum value is 
reached but the voltage rises to some higher value 
before failure occurs. A voltage higher than the 
mininum value is also required when the time of 
application is in any way limited. This follows because 
energy and therefore time is required to cause 
breakdown. The ratio of the impulse spark-over 
voltage to the minimum or continuously applied spark- 
Over voltage is called the impulse ratio; the interval 


*Consulting Engineer, General Electric Company, Pittsfield, 
assachusetts. 


Presented at the Summer Convention oP the A. I. E. Hi. , Toronto, 


Ontario, Canada, June 28-27, 19380. 


3. The use of a ‘‘standard”’ wave of logarithmic front and tail 
with spark-over occurring at any desired point on it. 

Method 3, using the full standard wave, is by far the simplest to 
apply and gives the most consistent results. It is also shown that tt 
may be used in a way to give effects equivalent to the other two 
methods. Interesting energy relationships for pnpulss, failures 
of gaps are brought out in this connection. 

Field experience with actual lightning waves is compared to 
laboratory results with the ‘‘standard”’ wave and found to check very 
closely. A statistical study is described in this connection which now 
allows considering the lightning problem from an economic aspect. 

The advantages of coordination of line and apparatus insulation 
are pointed out and the adaptability of the ‘‘standard’’ laboratory 


wave to such procedure ts described. 
* * * * % 


from the time the impulse reaches the continuously 
applied spark-over voltage until breakdown occurs is 
termed the lag and is conveniently measured in micro- 
seconds (millionths of seconds). The lag is not constant 
for a given arrangement but decreases with increasing | 
rate of application of voltage. Thus breakdown is a 
function of both voltage and time. The shorter the 
time, the higher the voltage. There is a time lag for all 
types of electrodes but it is minimum for electrodes 
causing approximately uniform fields, such as spheres, 
and is a maximum for electrodes causing non-uniform 
fields, such as needle-gaps. For dissimilar electrodes, 
impulse spark-over takes place at the lowest voltage 
when the electrode in the denser field is positive. Ac- 
cordingly, it follows that the impulse spark-over voltage 
of gaps and insulators is always higher than the con- 
tinuously applied or 60-cycle voltage so that the impulse 
ratio is greater than unity. In general the impulse 
breakdown voltage for liquid and solid insulations is 
also higher than the continuously applied breakdown 
voltage. 

The above paragraph i is practically a quotation from 
the first paper on this subject (to which this paper may 
be considered a supplement).! The early results still 
obtain. Although when that investigation was made 
there was no oscillographic means of measuring waves of 
such short duration, the lags in millionths of seconds 
were determined as a result of calculations and indirect 
methods and the mechanism of breakdown was correctly 
pictured. Recent high-voltage research with the Du- 

1. For references see Bibliography. 
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four type of cathode ray oscillograph has simplified the 
problem and verified the early results. 


II. TYPES oF IMPULSE TESTS 


There are three general types of impulse tests, as 
follows: 
1. Rectangular Wave. The rectangular wave method 


Breakdown Points 


VOLTAGE 


Minimum Sparkover Voltage 
(Unlimited Time) 


TIME (MICROSECONDSy 


Fig. 1—ReEcTANGULAR Form OF IMPULSE WAVE. 


is illustrated in Fig. 1. A theoretical rectangular wave 
would rise instantly to a given value and remain con- 
stant until breakdown occurred. However, such a 
wave can generally only be approximated in practise. 
Actually, about one-half microsecond is usually required 
to reach crest as illustrated in Fig. 1. This method is 
interesting theoretically but the waves are not typical 
of the usual high-voltage surges. ee 

2. Uniformly Rising Voltage. Spark-over for a 
uniformly rising voltage is illustrated in Fig. 2. The 
time and. voltage are indicated at spark-over. Note 
that when the minimum spark-over voltage is reached 
breakdown does not occur immediately because con- 


VOLTAGE 


Minimum Sparkover Voltage 
(Unlimited Time) 


TIME (MICROSECONDS) 


Fig. 2—SpPaARKOVER ON FRontT oF WAVES OF VARIOUS SLOPES 


siderable time is required at that voltage. The wave 
accordingly rises above this value. The more rapidly 
the voltage is applied, the higher the breakdown voltage 
is, and the less the lag. Thisisa condition that occurs 
in practise when the lightning voltage is much higher 
than the breakdown value of the insulation and spark- 
over occurs on the front. | 

3. Standard Wave of Fixed Shape. In this method 
a fixed or standard wave of the form shown in Fig. 11 
is used and there are several ways in which the test may 
be made.!2 By the proper application of this method 
the whole range of breakdown effects caused by the 
rectangular wave, the uniformly rising voltage or any 
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other wave can be obtained. The two general methods — 


are. 


is then taking place on the tail as shown in (a) Fig. 3. 


Since the voltage is just high enough to cause sparking, ~ : 
the full wave is utilized. This method gives the most ° 
reliable and consistent results and is the simplest to : 
carry out. The only measuring device necessary is a 
parallel sphere-gap which aie accurate results where - 


the full wave is used. 


b. Overvoltage Method. -This is the same as the 
above except that an overvoltage is applied which may . 
be any given percentage in excess of the full wave. 
value.12 The time of spark-over at (b) may be mea- -. 
sured by a cathode ray oscillograph: .Either a short. . 
or long wave may be used as shown in Fig. 3. The > 
standard wave overvoltage method (with long wave) — 
has been compared with, or described as a rectangular - 


Paes 
> — 
— 
— 
— 
—_ 


Minimum — Voltage (Unlimited ih 


TIME (MICROSECONDS) 


Fig. 3—SPARKOVERS ON TAILS OF SHORT AND LONG WaAvVES- 


wave method with steep front and horizontal top. 


However, the two methods do not give. the same 
results. | 


Il]. THe EFFECTS AND RELATIVE BREAKDOWN 
VALUES OF VARIOUS TYPES OF WAVES—LAW 
OF IMPULSE SPARK-OVER AND TIME LAG 


The effects and relative breakdown values of the. 


various types of waves will now be discussed in more 
detail. | eh 
1. Rectangular Wave. An investigation with this 


type of wave is of theoretical interest. If the front 
could be made perpendicular and the top horizontal, 


two variables would be eliminated. However, it is not 
practical to accomplish this and in general it is difficult 


_to produce a front reaching maximum in less than one- - 


half microsecond... It is thus the same as any other fixed 
in this respect, is more difficult to obtain eink 1s sensitive 
to changes in front. 

Oscillograms of such a wave with ori hall micro- 
second front are shown in Fig. 4. . The results of insula- 


a. Full-Wave Method. The given wave is applied i 
and the voltage is gradually increased until spark-over ~ 
occurs on 50 per cent of the applications. Breakdown 
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tor spark-over voltages are given with impulse ratio in 
Fig. 5. It is seen that the values for the various 
lengths of insulator strings fall well on this curve. 
This impulse ratio-time curve has particular interest. 
because it. seems to offer a means of correlating the 


MO CM NEROLE BA 
BFS 2 RIP 


-“Fyg. 4—OscILLOGRAM OF SPARK-OVER OF PorinT-GaP WITH 


RECTANGULAR WAVES OF DIFFERENT VOLTAGES 


spark-over values of different waves. ‘This follows 
because these curves follow the equation ora 


p=(14 =) (4) 


é 


B = impulse ratio = 
0 
= time lag in microseconds - 7 
=a constant (under certain conditions a@ may 
vary; it may be necessary to add a factor 
depending upon the spacing) 


qm 
lee 


when B and a are known, the lag can be calculated: 


2 


ae ee 
t= ra 1 ist | (2) 
The impulse spark-over uaa: © is 
are | pecan 
e eo ( a i (3) | 


where, ois the continuously applied breakdown value. 
For convenience in practical application, the 60- 

Eyele crest spark-over value has been taken as @. 

If the impulse ratio is known, the impulse spark-dver 


value is then found by multiplying 6 by e. For cer- 


tain dissymmetrical electrode arrangements the spark- 
Over voltage may be materially lower when the non- 
grounded electrode (or the one in the denser field) is 
positive. For a theoretical study it would insuch cases 
be preferable to use the corresponding (+) and (—) 
direct current, 'e, voltages. This would tend to bring 
the (+) and (—) impulse ratios more nearly. together 
Since both the impulse spark-over voltage and the con- 
tinuously applied spark-over voltage are affected in the 


Same way by polarity. 


This equation is of further interest because it appears 
to be rational. In the original paper on this subject it 


P 


was pointed out that energy, and therefore voltage and 
time, were necessary to rupture insulation. ! | 

It may be assumed that a given amount of energy is 
necessary to break a given gap. This requires a definite 
ionization apparent as corona and corona loss. Corona 
loss, according to the quadratic law, is: 
ae = (e— e)?k 
For the rectangular wave the energy may be expressed 

w= (e—e)*kt 

or Jw = (€—&) Vk t 


; aif 
€— @y9 —- kt 


oe 


W 


beatae 
[keg eRe 3 
e=a(1+y aa ie 


se (14+) 


Ww w 
where Sse =) ae 
| k Cy” k, [? 


lL = length of gap — 

When the impulse ratio is constant, a is constant and 
it-then follows that w varies as the square of the é) 
voltage or approximately as the square of the gap 
length. This also follows when 6 is constant with 


Drawn curve calculated from 
Equation: 2 -(1+ 8 
Points measured for (+) spark - 


over of 3 to 9 units 


IMPULSE. RATIO -.2 


{i 12 
’ TIME. LAG (MICROSECONDS) 
Fig. 5—Impuuse Ratio-Time Lag Curve or INSULATOR » 
SPARKOVER WITH RECTANGULAR Nears or 14-MIcROSECOND 
FRONT 


(Standard 53/-in. spacing—10-in. diameter insulators) 


varying gap length in the case of the fixed wave. (See 
Figs. 9 and 16. ys: 
Thus 


The drawn curve in Fig.5 was plotted from the equation 


p= (14h) 
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Similar results are obtained for needle-gaps, ete., with 
different values of (a); a is usually higher when the 
electrode in the denser field is (—). The author has 
checked this law on other data and it seems to apply.® 
2. Breakdown on Umiformly Rising Voltage. Break- 
down or spark-over on the front of a uniformly rising 
voltage is illustrated by the oscillogram in Fig. 6. 


~While the sphere-gap has very little time lag, and is 


quite accurate for measuring the crest voltage of a full 
wave, it is not always sufficiently accurate to measure 
the breakdown voltage on a very steep front. The 
error in time and voltage will vary but may be of the 
order of 10 per cent low if correction is not made. 
Oscillographic measurements or sphere-gap corrections 


BEMOO ORE COPIA 


Fig. 6—OSscILLOGRAMS SHOWING SPARK-OVERS ON FRONTS OF 
7 IMPULSE WAVES 


(a) Spark-over of point-gap: 

(b) Spark-over ofinsulators: A. Complete wave 
B. Spark-over of 5 units 
C. Spark-over of 3 units 


should therefore be made for every point when this 
method is used. ‘The sphere-gap is also subject to cor- 
rection for polarity for the larger spacings. ‘This correc- 
tion, which may be opposite the point-plane effect, 
becomes of importance when it is desired to determine a 
small (+) and (—) difference on other gaps. 

The results of tests on insulators and point-gaps are 
given in Figs. 7 and 8. It will be noted that for any 
given time for breakdown the impulse ratio is practically 
constant and for a wide range of the length of string or 
_ gap. Any difference-in impulse ratio with length or 
number of units usually becomes appreciable only for 
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short spacings. The same general law connecting 


voltage and time lag applies for breakdown on the — 


rising front.as for the rectangular wave. For suspen- 


sion insulators it is: 


B = (14>) 


B = (1+-=)O 


The difference Beever (+) and (—) for insulators 


26 Points are measured values. 
aro Curves calculated from: equations: 


5) 61472 MSRP 10s) 2e137 14 15216 
TIME LAG (MICROSECONDS) 
(TIME MEASURED FROM ZERO) 
Fig. 7—Impvuutse Ratio-Time Lag Curve or InsuLaToR 
SPARKOVER ON FRonT oF WAVE 


(Standard 534 in. spacing —10 in. diameter insulators) 


represents a range rather than a definite division, with 
(—) maximum high and (+) minimum low. Individual 
(+) values of 6 may be approximately 5 per cent 


ci CC ie ee 


3.0 i Be Points are measured values i 
i v | |Curves ain a Equation : 
S 26 5 
=] 
< 
2.2 
a7) 
2 18 = 


== 
ae  v4P Vara zee, 
pa ee 


10 
TIME LAG (inicROSECONDS) 
(TIME MEASURED FROM ZERO) 


Fig. 8—Impuise Ratio-Time Lac Curve or Pornt-Gap 


SPARK-OVER ON F'RoNT OF WAVE 


higher than the calculated and (—) values 5 per cent 
lower. 
For point-gap 


(is) 
pc | Risin 
where a = 1.2 to 1.5 (+) anda = 2.0 to 2.2 (—) de- 
pending upon the type of gap. The lower CE) curve 
approaches a point-plane SU MINIOL which gives the 


minimum spark-over. 
For spark-over on the front, time, t, has been taken 


as 


‘ 


Xe 


for Be venience from zero to seoukedovat. However, 
this requires some explanation since the effective time 
of corona formation, (¢ — to) in Fig. 2, is different from 
that for the rectangular wave. In this case the voltage 
ig not constant but is a function of time. so that the 
expression for energy loss ee the quadratic law is 


/e(Gap Length ‘‘a’””) 


— — —eo(Gap Length ‘‘a”) 
é (Gap Length ‘‘b”) 


VOLTAGE 


Brule ig Aus eee SS yr , (Gap Length ‘‘b”) 


TIME (MICROSECONDS§) | 
FOR CONSTANT TIME ti | 
e 


Fig. 9—SPARK-OVER ON FRONT OF WAVE WITH CONSTANT 
Time Lac 


more complicated than for the rectangular wave as 
given above. Itis 


t : t i | 
= f (e-eytdt = S (edt— edt 
bo bo 


- which reduces to 


(s*— 36° + 88) = 


KILOVOLTS (CREST) 


ZEAE GY BIIOFL2 

NUMBER OF INSULATORS 

Fig. 10—Comparison oF SPARK-OVER VOLTAGES OF SUS- . 

PENSION INSULATORS WITH BREAKDOWN ON FRONT~ OF 

Unirormity Ristna Wave 1n Two MicrosEconDs AND ON 
Tat. or 14/5 STANDARD WAVE (50 PER CENT SPARKING) 


Crosses ( X) indicate spark-over values from natural lightning 
Two microseconds (time-zero to spark-over) 
1%/5 Standard wave (from Fig. 12)—average 
Two microseconds (time-zero to spark-over) 


where | 
w = rupturing energy of gap 


€) = minimum spark-over voltage (unlimited time) 


0 = slope factor 
8B = impulse ratio 
It can be shown that this expression gives equivalent 
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given type of gap or insulator the ratio 


Transactions ATs Woh 


results to Equation (1), particularly for eel values of 


t, where diffusion losses during breakdown do not appre- 
clably affect the energy. Equation (1) more closely 
follows measured values. The tests show that for a 


remains 
Co 


approximately constant with change in gap length for a 
constant ¢t. This is illustrated in Fig. 9. Since the 


rate at which a voltage rises is 


O30. bh kv/m. S. 

the spark-over aaltaize for any given 8 can be éiloulated: 

Curves calculated by Equation (1) for spark-over on 
the rising front for insulators are given in Fig. 10, for 
(+) and (—) waves and for spark-over times ¢ of 2 
microseconds. The crosses .show measured spark- 
over voltages for natural lightning on transmission 
lines. Note that the two microsecond curve on the 
rising front corresponds approximately to the 
14/5 microsecond* wave of Fig. 12.. 


F'1a.- 11—OSCILLOGRAM SHOWING SPARK-OVER ON TAIL OF 
WAVE ; 


Insulator spark-overs on transmission lines frequently 
occur on the rising front of the wave. It is, therefore, a 
practical condition. ct 

3. Breakdown on the Standard Wave. Breakdown 
on the tail or crest of a fixed wave is illustrated in Fig. 3. 
The front is taken as the time from zero to crest and 


‘the length as the time from crest to half voltage on the 


tail; it is a convenient means of designating the wave. 
This method, using the full wave, has been most useful 
in comparing the lightning strengths of different types 
of gaps, insulators, and insulation. The test is very 
simple to make and good results can be obtained, as 
already noted, without the cathode ray oscillograph. 
The general method is to apply successive waves of 
increasing crest values until spark-over occurs on 50 
per cent of the applications. An oscillogram illus- 
trating this method is given in Fig. 11. Spark-over 

*In this expression, which will be used for designating stand- 
ard waves, the first number signifies front, while the second 
signifies time from crest to one-half voltage on the tail. Thus, 
14/5/(+) means 4% microsecond front, 5 microsecond tail, and 


positive polarity on the non-grounded electrode. This method 
of designating was first suggested by K.B. MeEachron. 
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curves are given in Figs. 12 and 18. Full line curves 
represent values for transmission line conditions. The 
crosses give natural lightning spark-over voltages 
measured on transmission lines. Note that the effects 
are closely approximated by the standard 14/5- and 
14/20-microsecond waves. These curves are the aver- 
age of (+) and (—) spark-over values.* Fig. 14 
records the results of tests of insulators and point-gaps 
in parallel. ‘The gaps were adjusted for equal sparking 
on points and insulators. The waves used cover an 
impulse ratio range of 2 to 1.2 and unity at 60 cycles. 
Practically the same relation between insulators and 
points holds throughout the range. 


3 ; Ce. ; 
When a Sed wave is used, the ratio |, 18 approxi- 
‘ 0 


mately constant over a sate range of lengths of a given 
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Fie. 12—Sparkover VoutTacEs or SUSPENSION INSULATORS 
WITH “STANDARD”? Wave—50 Per Cent SPARKING 
(Standard 534-in. spacing, 10-in. diameter insulators). The full curves 
should be used for transmission line conditions 
gap or insulator string. . This applies particularly for 
the longer gaps. Fig. 10 shows that the same effects 
can be obtained with the full wave as with sparking on 
the rising front; it is a matter of making the proper 
selection. However, the fixed wave method is much 

- more satisfactory for practical tests. 

A very wide range of impulse ratios ean ie ob- 
tained with a fixed wave by making the partial sparking 
test using the full wave, and also by applying voltages 
in excess of this value or overvoltages so that spark-over 
takes place nearer the crest. as illustrated in Figs. 3 and 
15. These tests can be made at 50 per cent sparking 
(that is, the full-wave method) and also at a given 

*These curves differ somewhat from the original 5- and 20- 


microsecond curves because the original curves were based on a 
44-microsecond front while these are for 14-microsecond front. 
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percentage of voltage above this value. For a given 
percentage of overvoltage on a fixed wave the impulse | 


ratio 


gap setting or insulator lengths, as illustrated in Fig. 16. i q 
The time lag ¢, for the different overvoltages can be fs 


plotted with the impulse ratio as in Figs. 17 and 18. 


When this is done it will be found that the voltage and 
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Fig. 13—SPparkK-OVER VOLTAGES OF Point GAP-WITH STANDARD 
Wave—50 Per Cent SPARKING 


The full curves represent transmission line conditions. The lower (+43 
curves approach a point-plane arrangement 
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Fig. 14—Curves SHowina REsutts oF PARALLEL TESTS ON 
STANDARD SUSPENSION INSULATORS 


(53f-in. spacing—10-in. diameter) and point-gaps, made to determine 
equivalent sparkover values. Curves represent range between 60-cycle 
and }4/5-microsecond waves 


impulse ratio for relatively. long and steep waves can be 
expressed by _ 
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where €> = 60-cycle spark-over (crest) 


+ = time above 60-cycle spark-over voltage 
The expression applies for values of ¢ less than 


ete 


l (4) 
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. Fig. 15—Oscittocrams ILLUSTRATING OVERVOLTAGE EFFECT 


WITH STANDARD WAVE 


(a) High-voltage bushing test: 
A. Applied wave 
B. Spark-over with 20 per cent overvoltage 
C. Spark-over with 40 per cent overvoltage 
(b) Bushing test with slight overvoltages 


VOLTAGE 


FOR CONSTANT TIME 1, nee Te areca 
a Ch rm 


Fig. 16—OveErvoLTaGe SPARK-OVERS ON STANDARD WAVE AT 
Constant Time Laa 


q Where c varies between 1 and 2 and depends upon the 


“D0 per cent sparking’? breakdown point and / is the 
length of the wave as defined above. When this lag is 
reached the full effect of the wave is utilized. This 
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follows because the impulse voltage then approaches 


the. 60-cycle value. This is illustrated as the 50 per 
cent sparking voltage in Figs. 17 and 18. When @ is 
known for 50 per cent spark-over on the full wave 
(Table II), ¢ may be calculated from (4). By substi- 
tuting this value of t and @ in (1), a is found. The 
impulse ratio and sparking voltage for the given wave on 


IMPULSE RATIO- 4 


IMPULSE RATIO-/3 


6 8 10 12 14 16 18 20 22 24 
TIME LAG (MICROSECONDS) 


Fig. 17—Imruuse Ratio-Time Lac Curves FoR OVER- 


"VOLTAGE SPARK-OVERS OF INSULATORS ON STANDARD WAVE 


(Standard 53/-in., 10-in. diameter insulators) 


IMPULSE RATIO-.@ 


10 14 16 18 20 22 
E LAG (MICROSECONDS ) 


= 
oa) 


50% sparking 
ES a= 1.9 


8 14 16 18 20 22 24 
TIME Lae. (MICROSECONDS) 


Fig. 18—Impvuutse Ratio-Time Lae Curves ‘FOR OVER- 
VOLTAGE SPARK-OVERS OF Pornt-GaP oN STANDARD WAVE 


overvoltages can then be calculated from (1) and (3). 

The effects of various wavelengths and wave fronts » 
for the full wave are given in Figs. 19 and 20. Fig. 21 
shows the effect of varying front with constant length. 
These curves with constant length and varying front 
may be expressed by Equation (1) with 1 = front of 
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Wave. 


average (+) and (—) values are not far apart: 


The cathode ray oscillograph was used in making all 


0 10 20 30 40 50 60 70 80 90 100 


LENGTH OF WAVE-(CREST TO 
HALF VOLTAGE) IN MICROSECONDS 


“0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
LENGTH OF WAVE -(CREST TO HALF VOLTAGE) IN MICROSECONDS 


¥ic. 19—Impuuse Ratios For -FuuLt-WAvE INSULATORS 
SPARK-OVERS 3 


(50 per cent sparking) with standard waves of constant front and varying 
lengths. (Standard 534-in., 10-in. diameter insulators) 
Example—fs = 1.8 for 44/5/(+)—To find impulse ppare Oval multiply 
‘60-cycle crest voltage by 8. 
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IMPULSE RATIO- 8 
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LENGTH OF WAVE- (CREST T 
HALF VOLTAGE) IN MICROSECONDS 
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+4 


IMPULSE RATIO-8 


— 


20 30 
LENGTH OF WAVE -(CR T 
HALF VOLTAGE) IN MICROSECONDS 


Fig. 20—Imputse Ratios ror Fuuu-Wave Pornt-Gap 
SpaRK-overRS (50 Perr CrEnt SPARKING) WITH (STANDARD 
W AVES OF ConSsTANT FRONT AND VARYING LENGTH ' 


tests. The sphere-gap was used for making calibration 
of the maximum of the full wave value used. : 
Values of a for different waves are given in Table I. 


Accurate values of 8 for various waves and overvoltages 
can be calculated by inserting the proper value of a in 


The (+) and (—) curves in Figs. 17 to 21 repre- 
sent a range in values rather than a definite division, 
the (—) curve representing maximum (—) values and 
the (+) curves minimum (+) values. Frequently the 
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the formula. The full wave spark-over voltages can be 


calculated for various waves from from TableII. Very | 


me 20 (M.S.) Length 


WAVE FRONT IN MICROSECONDS FROM ZERO TO CREST 


Fig. 21—Impuuser Rario-Time Curves or Pornt-GapP AND 
INSULATOR SPARK-OVER SHOWING EFFECT OF VARIATION OF 
Wave Front with Constant WAVELENGTH (IN THIS CASE) 
20 Microseconps Errective Duration, 7.e., ABOVE HALF 
VOLTAGE) 


TABLE I 
a FOR VARIOUS WAVES 
Wave Insulators Points 
Overvoliage CE) eG Gh Ca) 
4% /40 1.1 1.5 1.4 1.9 
144/40 0.6 0.9 0.8 wes 
Rectangular 
14 microsecond 
front ORB re 
Slanting 
0.9 1.2 1.2 2.0 
1.5 2.2 
(+) and (—) values represent a range 
TABLE II 
FULL WAVE SPARK-OVER / 
Impulse Ratio 
Wave ‘Insulators Points 
te) a) Cs Ge) - 
44/5 1275.2:295 1.92 2.4 
1/5 1250: ° 1.65 | 42 
1%/5 1.46 1.58 
3 /5 1.28 1.34 
1%/20 a Sea SE Boda 
44/20 1.58 1.7 1.5 1.8 
1 /20 1.33 1.40 ray 
144/20 1.25 1.33 
3 /20 1.15 1.20 
14/40 1.40 1.50],1.33 1.55 
1 /40 $22) MSOU ee ae 
14/40 1.18 1.28 
3 /40 1.10 1.15 


The (+) and‘(—) values of 8 represent a range with minimum (+) 


values and maximum (-—) values. Individual (+) values may be 5 per > 
cent higher and (—) values 5 per cent lower than the curve. Frequently 
the average difference between (+) and (—) may be negligible. The 
average range between (+) and (-—) for insulators in the table is 6% 
per cent; for point-gaps it is somewhat higher. 


a ‘ ” 
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j that were then available. 


it 
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ata on a and 3 have been obtained. As: 


ive d 
a e data are in form, the above tables will be 


soon as thes 


revised and extended. 


4. Law of Impulse Spark: Over ae Oil and Solid 
Insulation. Equation (1) above applies for oil insula- 
tion and also seems to apply for solid insulation. How- 
ever, the factor must be properly evaluated. 


[V. CoMPARISON OF LABORATORY AND OBSERVED. 


N ATURAL LIGHTNING WAVES—A STATISTICAL Sa 
oF LIGHTNING EFFECTS 


1. Laboratory and Natural Lightning Waves. 
early work with the lightning generator it was neces- 

sary to decide on some wave or waves which would have 
ae effects of the average severe lightning on insulators, 
insulation, and apparatus. This decision was neces- 
sarily based on theoretical considerations with the help 
of the meager experimental data on yatural lightning 
Research was made over a 
very wide range of wave-shapes with spark-over occur- 
ring on the fronts and tails. As tentative standards 


4 two waves were decided upon for general testing and 


comparison of insulators, and insulation—that is, the 
5 and the 20 microsecond waves. ‘These waves reach 
erest in 14 microsecond, decrease to half voltage in 5 
and 20 microseconds, and to zero in 10 and 40 micro- 
seconds respectively.* Insulator spark-over curves 
obtained with these waves in the laboratory are given 
in Figs. 12 and 18. The crosses on Fig. 12 are points 
obtained by surge voltage recorder measurements of 


insulator spark-overs caused by natural lightning. 
_ These points fall in between the 5 and 20 microsecond 


curves. A further check is seen on the gap spark-over 


in Fig. 18. Other measurements on failures of insula- 
_ tors and insulation give impulse ratios of the order of 
a 1.6 to 2. 


In obtaining the values in Figs. 12 and 13 the 
full wave was used by increasing the impulse voltage 


until spark-over occurred in 50 per cent of the 


applications. ore 
TABLE III 

PARALLEL SPARKING 
a Insula- 5: 

tor Point-Gap Setting 
Units = (Inches) 

Wave 44/5 % /20 144/40 
GeitiG—) Ca) hen Ge) (ie Gz) 


4 20 22 23 22.7 | 23 21 
8 43.5 44 45.2 46 47 46.5 
12 64 70 TORY VTAUI2 OY WOR 2.76952 


- Point gap set for equal sparkitiz with parallel insulator. 
Variation—plus or minus 5 per cent. 


Data from some of the natural lightning waves mea- 
Sured by the cathode ray oscillograph are given in 
Fig. 22. The estimated front of the maximum voltage 


at the point of origin, and before the wave is free, as 
ST 


*Originally a 144-microsecond front was used with a slightly 


higher voltage. 


In the . 


~ 


- some distance away. 
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explained below, is given by the dotted line (6). It is 
this value that should determine the _ spark-over. 
Typical measured natural lightning waves are shown in 
Fig. 23 with the laboratory waves. ‘These waves, in 
general, produce the same effects on lines and apparatus 
as the laboratory waves. It is probable that insulator 
spark-overs frequently occur on the rising front of the wave 
as tllustrated in: Fig. 2. If the waves were not chopped 
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wave FRONT IN MICROSECONDS - 


Fig. 22—PERCENTAGE OF LIGHTNING WAVES OF VARIOUS 
Fronts MEASURED ON TRANSMISSION LINES 


18 


(a) Curve showing fronts of 35 highest natural lightning waves (voltage 
Vi) measured on Wallenpaupack- Siegfried Line in 1929 

(b) Estimated equivalent fronts (voltage V) at points of origin of corre- 
sponding waves on curve-a * - . 


the voltages would go much higher. Figs. 7 and 8 show 
how the impulse ratio varies with time on typical gap 
and line insulator arrangement. 

‘Over one hundred oscillograms have been obtained of 
traveling voltage waves due to lightning on transmis- 
sion lines. These waves had generally come a consider- 
able distance and were thus greatly reduced in voltage, 
modified to some extent by attenuation, reflections, ete. 


In most cases they were evidently caused by storms 


Typical Short Front 


Typical Long Front 
(Oscillogram No. C. D. 901186) 


(Oscillogram No. C.D 901285) 


100 TA Wave with f il 
SES te ave with front and tai 
Ei Wa ae = equal to average of 35 
sa Wines PP Ses aa 1929 Wallenpaupacki 
Ur eg = —— 
ob pas I 
40 / 


Average Wallenpaupack Wave a 
20 yl 20 M.S, Pittsfield Lab. Wave 
0 . 


PER CENT CREST VOLTAGE 


OF 284 6 8012) 142167 18420 7422-524 26) 528230 
TIME IN MICROSECONDS 


Fig. 23—Typican Natura, Licutninac Waves or Lone 
AND SHortT FRONTS, AND AVERAGE SHAPE AS RECORDED AT 
W ALLENPAUPACK IN 1929 


Pittsfield . Standard 20-microsecond wave included for comparison 


It is interesting to examine these 
waves.with the view of determining just what impulse 
spark-over voltages should be expected. The impor- 
tance of this is seen when it is remembered that surge 


voltage recorder measurements indicated that light- 


ning spark-over voltages were usually 1.8 or more times 
the 60-cycle voltage (see Figs. 12 and 13) although it is 
known that the impulse ratio varies widely with differ- 
ent waves and is dependent on conductor polarity. To 
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make this examination complete it is necessary to see 
what happens at the point of origin of the wave where 
the induced voltage V is maximum. 

The formation of induced voltage on lines is as as 
follows:! | 

The charging process of the cloud is relatively very 
slow. This permits the leakage from line to ground of 
the charge having the same potential as the cloud. A 
bound charge opposite in potential and varying in 
intensity with the cloud charge is held on the line. 
The cloud discharges at a very rapid rate releasing the 
charge on the line. The voltage from line to ground in- 
creases rapidly to a maximum value. Eventually two 
free traveling waves are formed and propagated in 
opposite directions with voltages less than maximum. 
If the discharge were instantaneous the. maximum 
voltage would be: 

V=gh 
while the maximum voltage of ee free traveling waves 
would be: 
h 
eine 
Since the discharge is not instantaneous these two 
voltages are: 
V =gha (maximum actual eae 
Vi = gh a’ (voltage of traveling wave) 

where a and a’ depend upon the time it takes the cloud 
to discharge and the distribution of bound charge. If 
this time is over a few microseconds, V and V; become 
quite small (see Fig. 24). From the above, insulator 
spark-overs should take place under the center of 
disturbance where the voltage is highest. ‘They should 
thus be due to the voltage V, and not to the voltage V, 
measured by the oscillograph. Accordingly, the next 
step is to get an approximate idea of wave V from V,. 

Calculations for a range of cloud sizes and rates of 
discharge show that V reaches maximum in from one- 
half to one-third the time indicated by the front of the 
free traveling wave, and perhaps even less. Thus, 
voltage is applied at a more rapid rate for V than Vi. 
Therefore the impulse ratio for spark-over on the front 
should be higher for V than for Vi. 


An examination of Fig. 22 shows that for the mea- 


sured traveling waves 50 per cent reach crest voltage 
V; in less than 3 microseconds and 90 per cent in less 
than 8 microseconds. However, the rise in voltage V 
at the origin should be at least twice as steep as V; the 
impulse ratio at the origin should thus correspond very 
approximately to the dotted curve in Fig. 22. ‘This 
shows that 50 per cent reach crest in less than 114 mi- 
croseconds and 90 per cent.reach crest in less than 4 
microseconds. OnFig.7 areplotted impulse ratio curves 
for spark-over on the rising front of a wave with time. 
This shows that for the waves measured the impulse 
ratio for V should be higher than the average 1.55 for 90 
per cent of the waves and over 1.9 for 50 per cent. 
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These measurements thus seem to check the former im- 
pulse ratios obtained by surge voltage recorders of » 


natural lightning in Figs. 12 and 18 and also justify the 


laboratory values of lightning voltage given in these _ 
Of course, occasionally conditions may be right ~ — 


figures. 


for breakdown to occur on the tail of the wave at a lower a 


impulse ratio. 
Fig. 24 shows that voltages high enough to. cause 


spark-over by induction cannot occur unless the cloud : 


discharge is quite rapid. For example, consider a line © 


30 ft. high and a cloud 2000 ft. long. For a discharge _ 
time of ten microseconds the maximum voltage ~ 
V =gha = 100 X 80 X 0.25 (see Fig. 24) = 750 kv. . 
With a 2000-ft. cloud and a 10-microsecond discharge ~ 


the front would be in the order of 2 or 8 microseconds. 


The impulse ratio would be about 1.6. Thus V would © 


not be sufficient to cause spark-over on 7 insulators, 
the standard for a ‘110-kyv. line. 
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Fig. 24—Repuctrion Factors a AND a’ FOR CLoups oF 1000- 
AND 2000-F'r. LENGTHS 


It would thus appear | 


~ ‘ 


that voltage waves in Fig. 22, Curve (b) for a front of » 
more than 3 microseconds (6 on the free wave) need not ~ 


be considered for high-voltage lines. For low-voltage 
lines slower waves may reach sufficient voltage to cause 
spark-over at a lower impulse ratio. However, where 
the rate of cloud discharge is rapid, high induced 
voltages result. For example, assume a line 40 ft. high 


and a cloud 2000 ft. long discharging in 4 microseconds. . 


From Fig. 24, a = 0.53 

V = 100 < 0.53 X 40 = 2120 kv. 
a wave with a front of about 2 microseconds at the 
source or 4 microseconds as measured when traveling 
free. The impulse ratio for the 2-microseconds front 


from Fig. 7 is about 1.8. With this impulse ratio the. 
spark-over voltage is about 1900 kv. for 14 units from: 


Fig. 10. Under these conditions the induced voltage is 
high enough to cause spark-over on a 220-kv. line. 
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This would give 
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4 ‘This wave would correspond approximately ‘to ‘the 


average Wallenpaupack wave in Fig. 238. Induced 
sp over voltages of a high impulse ratio would thus 
be expected for high-voltage lines and spark-overs at 


_ lower impulse ratios would be expected on lines in- 


sulated for voltages below 110 kv. Corresponding 
impulse ratios would also be expected for full wave and 


for “overvoltage’”’ spark-over on the tail of the wave. 


For example, the average steep wave from Fig. 23 is 
1/10 while the average for all high-voltage waves is 
3 /24. Overvoltages of from 0 to 50 per cent on these 


_ waves would give the highest impulse ratios observed. 


It would thus appear that with reasonable assump- 
tions as to length of bound charge (for example, 2000 


ft.) and rate of cloud discharge, the average measured | 


wave in Fig. 28 can be accounted for by induction and 
maximum voltage values of over 2000 kv. can be 
expected. 

In case of direct strokes the wave would probably be 
still steeper and thus give impulse ratios over 1.8. 
Direct strokes become of relatively more importance as 
a cause of spark-overs as line insulation is increased or 
on the higher voltage lines. 

While the above analysis can only be approximate, 
it is still probably accurate enough for its purpose. 


A comparison of Figs. 10, 12, 18, and 14 shows that — 


the standard waves of 5 and 20 microseconds can pro- 
duce all the effects of breakdown on a rising front and 


q offer a practical method of testing. Under equivalent 


conditions of time from Equation (1) the same spark- 


over results are thus obtained for the standard wave - 


with breakdown on the tail (50 per cent sparking) and 
2 uniformly rising waves with sparking on the front. 

~ Fig. 14 shows how a range in impulse ratio varying 
Rain 2 (with the 14/5-microsecond wave) to 1.2 (with 
the 114/40-microsecond wave) can be obtained with 
fixed waves for a check on coordination. 

2. Insulation. The insulator or needle-gap is a 
useful means of expressing the strength of apparatus or 
insulation, especially when it is desired to compare test 


: values obtained on waves of different shapes. By 
. measuring the strength of insulation with insulators or 


nheedle-gaps the effect of wave variation is largely 
eliminated. See Fig. 14 where the point-gap is ex- 


_ pressed in terms of insulator units. 


3. Statistical Study. Fig. 25 is of particular interest 
since it is an attempt to arrive at the nature of lightning 
Waves and voltages purely from a statistical study of 
Outages. It is a plot of outages per hundred miles of 


‘line with the number of insulators per foot of line 


height. This method was used to put lines of different 
height and insulation on an equal basis. ‘The points 


from lines in different parts of the country are shown on 
_ the curve. 


They were obtained on lines of varying 
height, number of insulators, with and without ground 
Wires, etc., and are weighted and reduced to 100 thunder 
storm Have per year. A word of explanation of Fig. 25 


May be necessary. For example, referring to the curve 


Pa 
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with 0.4 insulator units per foot of conductor height, 


the expected outages would be 21 per 100 miles per year. 


If the conductors are 40 ft. high, the total insulator units 
per string would be 16. From Fig. 12 this would give a 
lightning spark-over voltage of 2200 kv. or a gradient to 
cause ‘spark-over on 55 kv./ft. The expected outages - 
would then be 21 per year per 100 miles of line in 
country where 100 storms occur per year. If the 
number of storms per year are 30 rather than 100 the 


x 238 = 6.9. With a 


30 
expected outages would be 00 


110 


.NUMBER OF OUTAGES PER 100 MILES OF THREE PHASE LINE PER YEAR 


2.3% © 4% fo 21 
: 45% 1% 
0 O1 02 03 04 05 06 07 08 


LINE INSULATION - NUMBER OF STANDARD SUSPENSION 
behead ry FOOT: OF eRe DMG NO GROUND WIRE. 


20 30 40 50 60 70 80 90 100 
GRADIENT REQUIRED TO CAUSE FLASHOVER - KV. PER FT. 


Fig. 25—EstiMATE OF PROBABLE OUTAGES ON TRANSMISSION 
LINES FROM A STATISTICAL STUDY . 


(Reduced to standard basis by dividing insulators by height of conductor, 
correcting for ground wire effects, and reducing to 100 storms per year. 
Figures on points indicate percentage of total year-miles used in estimate) 

This curve refers to a location having 100 thunderstorm days per year. 
For other Jocations take values from curve and apply to section under 
consideration by multiplying by percentage of 100 thunderstorm days 
per year as shown,on the above map 


ground wire reducing the voltage to 50 per cent the 
| , 0.4 
equivalent insulation is -HEO 0.80. The expected 


outages with the above insulation and 100 storms per 
year basis would be 5. While this curve is not yet as 
complete as would be desired it does give a good indica- 
tion of what can be expected. Fig. 25 also indicates 
quite well, from the statistical standpoint, that the 
outages increase with the height of line, decrease with 
decreasing insulation, decrease with ground wires, and 
that a gradient of 100 kv./ft. is the maximum. To 
indicate this the gradients necessary to cause spark-over 
are shown on the curve. The outages should become 
very small when the gradient equals the maximum 
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lightning gradient provided the impulse ratio is about 
1.9 as given in Fig. 12. This occurs for a gradient of 
100 kv./ft. This value was originally arrived at on a 
different basis. These data also indicate that the 
lightning spark-over voltages of Fig. 12 are approxi- 
mately correct. Direct stroke outages are indicated when 
the line insulation is stronger than the maximum calculated 
induced lightning voltages. 

An example will be given of the use of the data in 
design of aline. Assume 60 ft. conductor height. Ata 
gradient of 100 kv./ft., the maximum induced voltage, 
V = 100 x 60 = 6000 kv. With a ground wire ar- 
ranged to reduce the voltage to 50 per cent, V = 6000 
x 0.50 = 3000. Assume 20 insulators are used. From 
Fig. 12 the spark-over voltage of 20 units is 2700 kv. 
From Figs. 13 and 14 proper distance from conductor to 
tower can be obtained. Some outages should be ex- 
pected because the insulator strength is less than the 
maximum voltage. By reducing the conductor height 
greater security could be obtained. It is now interesting 
to check in an entirely different manner by an entirely 
- different method, the apparent ability of this line to 
resist lightning. In other words check it by experience 
gained in practise on similar lines. From Fig. 24 plot a 
curve for a 60-ft. line. with different numbers of insula- 
tors and with and without ground wires for 30 storms a 
year. Plot the same for a 30-ft. line for comparison. 
It is seen that for the 60-ft. line with ground wire and 20 
insulators the number of expected outages would be 
three or four. With a 30-ft. line and ground wires the 
-'maximum voltage would be V = 30 x 100 X 0.50 
= 1500kv. From Fig. 12 an insulator string of 12 
units would have a strength greater than 1500 kv. 
Referring to the curve, the expected outages for such a 
line insulated with 12 units would be practically nil. 

It is of interest. to examine these curves from other 
angles. 7 | 

It is seen that the expected outages would be 50 per 
100 miles with 14 insulators and a 60-ft. conductor 
height. _ With a ground wire reducing the voltage to 50 
per cent the expected outages would be 16. 

_ By adding two insulators, a total of 16, the expected 
outages are 38 without and 12 with the ground wire 
arranged to reduce voltages to 50 per cent. With two 
ground wires and a reduction to 40 per cent the expected 
outages would be about 4. This corresponds to the 
usual 220-kv. line. With a properly located direct hit 
wire above the ground wire, and low resistance ground, 
- it now appears feasible to eliminate direct stroke out- 
ages. Fora 110-kv. line the usual insulation is 7 units. 


The expected outages would be 130 without a ground 


wire and 28 with two ground wires. Reducing the 
height to one-half-has a marked effect. While such a 
-eurve could not give the exact number of outages for 
any one line any one year it should give approximate 
values over several years and be of great help in deciding 
the economic and technical value of Various arrange- 
ments. 


" 
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V. STANDARD WAVE—COORDINATION _ 
1. Standard Wave. In general fundamental ‘re- 


search on different types of gaps, insulators, insulation . 


and different apparatus, such as lightning arresters, and 
transformers, various special effects must be considered. 
Careful research must be made with all types of waves. 


‘However, it would be of great convenience to have a 


standard wave particularly for the purpose of making a 
comparison of various types of insulators, bushings, and 
gaps. Such data are needed for coordination and to 


determine the ability to spark over without puncture. 
Such a wave should be easy to duplicate, should permit. . 


of many tests in a short time, and should produce the 
effects of severe lightning. The most severe lightning 
effects usually occur with high impulse ratios, particu- 
larly where solid insulations are present. This follows 
because the solid insulation of an insulating member is 
submitted to higher voltages for steeper impulses and 
the effect is cumulative. There is no reason to make 
impulse. tests for an impulse ratio approximating unity 
because the effects are the same as at 60 cycles. A 
wave giving an impulse ratio of about 1.8 seems reason- 
able. This could be obtained for example by a uni- 
formly rising wave reaching spark-over in about 2 
microseconds or preferably by a standard wave (with 
50 per cent sparking) of 14/5 or 14/20. The full 
fixed standard wave is by far the simplest method and 
is least subject to error. A greater range of effects 
could be obtained with a long and a short standard 
wave. Several impulse ratios could also be obtained 
by the full standard wave and by fixed wave over- 
voltage. The fixed full wave method with one or two 
standard waves is therefore recommended. For testing 
special types of apparatus it may sometimes be neces- 
sary to use a circuit giving proper energy relations of 
traveling waves on a line. 

2. Coordination. Coordination means the adjust- 
ment of lightning breakdown voltage between the trans- 
former or other apparatus and the adjacent line insula- 
tion so that if lightning voltages become high enough, 
line spark-over will occur and limit the. incoming volt- 


age waves sufficiently to prevent transformer or other 


apparatus failure. It is not intended to take the place 
of lightning arresters or other protective devices, but 
rather to act as a safe-guard against very heavy dis- 
charges and in case the arrester is out of service. If the 
arrester is operating satisfactorily it will prevent spark- 
over on the coordinated gap. The gap is thus also a 


good check on the condition of the arrester. Coordina- 


tion may be effected either by the use of the standard 


insulation for 14 mile from the station or by a specified 


gap at the station and within 100 ft. of the apparatus. 
Coordination permits the use of extra insulation 
wherever desirable on other parts of the line. Since 
the coordinated section is relatively short the use of 


‘normal insulation on this portion usually has very little 


effect on the outages. If desirable, extra ground wires 
can be used over this section. The transformer bushing 
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enerally made stronger than the line insulation but 
ker than the transformer insulation. Coordination 
ge on one 220-kv. line for several years. 
The coordinating gap has flashed over many times 
during this period without damage to the transformer. 
In setting the coordinating gap or adjusting the line 
insulation it 1s important to know if coordination will 
hold over a wide range of transient wave-shapes. 
If the setting is made for the standard wave it will 
usually hold for all impulse conditions. (See Fig. 14 
for point gap and insulators.) This follows unless the 


factor a or 6 in Equations (1), (2), (3), and (4) varies 
: The necessary margin for any arrangement of . 
q gaps or insulation can be readily determined from these 
3 equations. In order to make an experimental check, 


different high-voltage bushings were set up in parallel 


3 with insulators and then with a point gap, and tests 
- made for full wave and overvoltages with the 14/5 


and 114/40 waves. Lags varying from less than one 
microsecond to over 40 microseconds, or impulse ratios 


- for over 2 to 1.2, were thus obtained. The gap and 
insulator always protected the bushing as determined 
__ pyspark-over values with the standard 14/5 wave. The 
q values calculated from the equation also checked. 
An example of this type of test is given for insulators 
and point-gaps in Fig. 14. 


VI. CONCLUSIONS 
1. The law of breakdown and time lag has been 


_ derived from experimental data and is expressed as 


follows: 
oe (0 Ke 
oe — (1 4) a ) The impulse ratio (1) 
Z Vt : 
t = ( : ) Th ime | ( 
= | Aa e time lag 2) 
a 
€ = @ ( 1+ —_) The impulse breakdown voltage 
| wit ) a (3) 
Where 


é) = the minimum breakdown voltage—usually the 
60-cycle crest value 


t = time lag in microseconds 

8 = impulse ratio : 

a@ = factor dependent on the electrode and insulat- 
ing material | 


This law, which appears rational, states that a given 


By means of the above 


2. The three general types of waves, which are 


q rectangular, uniformly rising front, and standard 
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‘range. 
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logarithmic, have characteristics and would give re- 
sults as follows: : | 3 
(a) <A perfectly rectangular wave, because of 
its shape, would eliminate several variable factors 
in connection with the analyses of impulse spark- 
over results. However, due to circuit conditions, 
it is difficult to produce in practise a wave which 
more than approximates the rectangular form. 
With an approximate rectangular wave, practically 
the same variable factors that other wave forms 
cause are introduced. Also, this rectangular 
wave form would be very unlikely to occur in 
practise from natural lightning sources. 
(b) Spark-over on the front of a wave probably 
is typical of many lightning flashovers in the field. 
The use of this form of impulse failure is feasible in 
laboratory studies. However, precise oscillo- 
graphic records of every spark-over are necessary. 
(c) The use of a standard laboratory wave of 
logarithmic front and tail permits securing impulse 
breakdown effects close to those associated with 
most natural lightning surges. By proper adjust- 
ment of wavelength and selection of breakdown 
point on the wave it is also possible to simulate the 
effect of a rectangular wave, sloping front, or any 
other wave form. An interesting mathematical 
relationship. showing this equivalent effect can be 
deduced. 


The fixed wave method simplifies the testing problem 
greatly as it necessitates merely a parallel sphere-gap 
for measurement purposes and requires no oscillographic 
records. Overvoltage tests on such waves increase the 
Since it also represents practical conditions, 
gives the most consistent results and can be made to 
give the effects of the others in insulator testing, it 
appears the best standard for comparison. Severe, 
steep wave-front effects can be obtained with the 14/5 
wave, while a large range of results can be obtained with 
three waves of 14/5, 14/20, and 1144/40. 


For testing very special apparatus the slanting front — iy 


may sometimes be desirable with circuit arrangements 
to give proper energy relations. 

3. Dataare tabulated from which the impulse spark- 
over voltage for a wide condition of waves can be 
calculated. These data will be added to and corrected 
for greater accuracy as quickly as laboratory work 


~ permits. 


_ amount of energy is required to break down insulation — 
and that time and voltage are interdependent. It is 
_ Quite in agreement with the work in the original paper! 
and applies to- breakdown on rectangular waves, on 
: Slanting waves of uniformly rising voltage, or to over- 
7 Voltages on standard waves. 


- formula the results for different waves can be calculated 
_ 8hd correlated. 


4. The field investigation of lightning indicates that: 


The average lightning wave, even with maximum 
voltages sufficient to cause spark-over on a 220-kv. line, 
ean be accounted for by induction, with reasonable 
assumptions as to size of cloud and rate of discharge. 

Spark-overs may be caused by either induced voltages 
or direct strokes. Direct strokes become of proportion- 
ally increasing importance as causes of outages when > 
line insulation is increased. 


Voltages giving impulse ratios of the order of 1.8 


£ 
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determine the initial value of discharge voltage; the 
‘spacing or linear density of the points along the cable 
determines the steepness of ascent of the discharge 
curve. A number of studs of this type were tried 
and the -dimensions given are those selected for a 
curve starting at about 20 volts (tertiary). The curves 
of Fig. 9 show the influence of the number of points in 
increasing the steepness of the discharge curve, and 
that a 15-cm. spacing gives a discharge curve somewhat 
steeper than that of the bare cable. A closer spacing 
might give an even steeper curve, but the gain would 
be small as compared to the number added. For these 
reasons it is concluded that the corona-forming voltage 


of any existing line may be adjusted to any value below - 


that pertaining to the bare cable, by mounting on it 
in pairs radially projecting studs at a spacing between 
pairs of about 15cm. The studs should be of uniform 
circular cross section with rounded ends. The dimen- 
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CABLE 
No.1. Single Pair 
No. 2. 2 Pairs 10-In. poo 
No.3. 3 “ 5-In. 
No. 4. 4 ©“ »\.6-In. ‘ 
No. 5. 8 6-In. ¢ 
No. 6. Bare Cable 


sions of the studs will determine the voltage of initial 
discharge, and they can be determined most readily 
for each new case, by the pimple experimental method 
described above. 

A simpleand effective method for mounting the points 
on thecable, is shown in Fig. 10. The brass studs have 
thin flat heads, somewhatinthemanner ofrivets. The 
studs are placed, points outward, through holes in the 


i, 


w 
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ends of a thin but stiff spring clip, which is then slipped 
The clip embraces more than half | 
the circumference of the cable, and the two studs are q 


over the cable. 


thus a little nearer together, on the open side of the 
clip, than one half the circumference. By this means 
the heads of the studs grip the strands of the cable, 
resulting in a firm attachment of spring clip and studs, 

Experiments to test the value of the suggestions 


Fig. 10—Corona Discuarace Cups on 5/8-IN. CABLE 


above should not be either difficult or expensive. 
Definite. conclusions should be possible from ‘the 
equipment with suitable studs of say two terminal 
miles of one of two parallel lines. Comparative 
observation of the two lines over long periods should 
afford some evidence, and earlier conclusions would be 
possible by the use of artificial high-frequency dis- 
turbances and suitable means of studying their effects 
at the protected end of the line. 

The author gratefully acknowledges the assistance 
of Mr. N. Inouye throughout the experiments. 


CONCLUSIONS 


1. The conductivity resulting from corona on 
transmission lines is sufficiently high to cause large 
values of attenuation constant, and the value of 
corona as a protection against high-frequency and 
steep wave fronts resulting from lightning and other 
causes is pointed out. 

2. It is indicated that only short lengths of corona- 
forming line, say one or two miles, are necessary for a 
large measure of such protection. 

3. To take advantage of this method of protection, 
the corona-forming voltage should be slightly above 
the operating’ value. On existing lines this may be 


102 


— 
as! 


ned py reducing the spacing and size of 
a mpi resulting in uniform corona, or, when this is 
enable by equipping the conductors. with 
16 om 
rable discharging points. 
_ The relative discharge values of various types 

t are studied experimentally. A simple form of 
point and stud is proposed, which gives a discharge 
4 Belent to that from corona, and which may be 
‘Jy mounted on a transmission line conductor. 
q The method has some disadvantages, 
"ed Bdicted value depends on several assumptions re-. 
ing proof. In view of its simplicity and the short 
; ne ths of line involved, experiments on the scale of 
PA stise should be not only practicable, but attractive, 
i. view of the high degree of protection promised. 
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Manneback, 
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ause a large percentage of the spark-overs on high- 
70. tage lines. 

2». Waves giving low impulse ratios are not repre- 
sentative of average field conditions, and do not give 
severe enough effects for impulse testing. 

6. Statistics compiled from lightning records gath- 
red from widely scattered power systems substantiate 
i ne ‘fact that the standard laboratory waves (14/5 and 
2, 4/20) discussed above give effects truly representative 
tf f average field conditions. These statistics also serve 
aS a Valuable basis for considering economically the line 
ns sulation necessary under different conditions. 

t It therefore seems quite proper to consider the 
above standard lightning wave as a rational basis upon 
Which to compare insulator and insulation strengths in 
me general problem of coordinating line and apparatus 
bat Sulation. 

8. Coordination of system ‘ngulation on transmis- 
“ag ines has been used on important systems and its 
alue is. now recognized. The law of time lag given 
above Permits the proper coordination under all con- 


ditions, 


" é 
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‘line may require 200 ohms in the reactor and reactance 


| 
Nil 


_ LEWIS: THE NEUTRAL GROUNDING REACTOR 


100,000 volts if the length is short. The reason for 
this limitation is as follows: The current through the 
reactor is affected by the line reactance. In the case 
of a short line or low-voltage line this is comparatively 
small. For example, the Alabama line we have been 
considering has about 20 ohms reactance, which added 
to 982 ohms makes an insignificant change in the reactor 
current. On the other hand a typical 154,000-volt 


of the line itself may be 150 ohms. It is probable that — 
the residual current in this case would maintain the are. 

In this country the device appears most applicable 
to those systems which are now operating isolated 
neutral, and which for some reason connected with the 
operation or apparatus, do not wish to go to the solidly 
grounded neutral. 7 

If more than one point is grounded, a reactor must be 
provided for each point. | : 

If there are no points suitable for grounding, an. 
artificial neutral may be provided by means of a ground- 
ing transformer connected Y-delta, the Y being con- 
nected to the high-tension line and the reactor placed 
between its neutral and ground, or the reactor may be 


connected in one corner of the low-tension delta, or the 


neutral of the transformer may be grounded solidly 
and the necessary reactance placed inherently in the 
transformer between high-tension and low-tension 


- windings. 


It has been suggested that with each section of the 
line a reactor be provided, which may he switched on 
and off with the line section, thus providing a good bal- 
ance at all times. Such a reactor may take any of the 
forms previously mentioned or it may consist merely of 
a reactor between each of the three conductors and 
ground, this reactor being designed to balance the 
capacitance to ground of that section of the line. If one 
conductor becomes grounded, then the reactor on that 
phase is short-circuited as well as the capacitance to 
ground, while on the other two phases the reactor and 
capacitance as well are raised to the same voltage 
above ground, and therefore still neutralize each other. 
By this method, the reactors being in. circuit at all 


times, tend to counteract the normal line charging 
current, which is.sometimes useful for line regulation. 


CONCLUSION 


Calculations show that the current to ground when 
one conductor of a three-phase system is grounded is 
approximately 1.5 times the normal three-phase charg- 
ing current. Tests on one system show that if the 
system has a ground wire the ground current is increased 
about 20 per cent. 

-About 50 arcover tests were made with the neutral 
grounding reactor in service, and various settings of 
reactance both in and out of balance. The reactor 
satisfactorily performed its function as an arc ex- 
tinguisher. From the tests it would appear that con- 
siderable tolerance is permissible in the setting of the 


reactor. : 
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From the standpoint of voltage stresses, the system | 


with reactor is more. like an isolated neutral system 
than a grounded neutral system, except that the ex- 
cessive voltage rises due to arcing grounds which occur 
on an isolated neutral system are eliminated. There is 
a possibility of overvoltage when the arc breaks due to 
a difference between the resonant and supply frequen- 


cies, providing the reactor setting is not in exact reso- 


nance. s 
The system with reactor has an advantage over the 
grounded neutral system in that arcs are eliminated 


without short circuit, which is desirable since short 


circuits cause mechanical stress to apparatus as well as 
frequent interruption of service. | 


In the case of a dead ground on the line, the reactor | 


is short-circuited, the neutral grounded and the circuit 
cleared by line relays. The device designed to take 


care of this operation satisfactorily performed its func- — 


tion in test. a 
In the writer’s opinion the device will be limited to 


comparatively low voltage and short systems for the 


present, owing to the expense of installing on high 
voltage and long systems and the difficulty of obtaining. 
a current balance at the are. Owmg to the popularity 
of and satisfaction achieved with grounded neutral 
systems in this country, the use of the grounding reactor 
will probably be limited: mainly to isolated neutral 
systems, whose operation is not satisfactory, but on 
which for some reason it is not wished to solidly ground 
the neutral. , 

On the system tested there was a small current flowing 
at all times to the solidly grounded neutral, due to un- 
balanced line capacitance. This current contained fifth 
and seventh harmonics. The neutral reactor caused 
this current to increase appreciably but the fifth and 
seventh harmonics were totally eliminated. : 

The writer wishes to acknowledge the hearty co- 


operation of Mr. J. M. Oliver, Operating Engineer of | 


the Alabama Power Company, and his assistants, also 
that of Messrs. M. A. Rusher and C. L. Schermerhorn 
of the General Engineering Laboratory of the General 
Electric Company in making the tests. 
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he Subject.—Occasional suggestion has been made 
en recent years that the properties of the high-voltage corona might be 
in re das a protection against lightning and other similar types of 
ie ance on transmission lines. The idea in these suggestions 
e the ionization attending corona renders the air conduct- 
oltage following the lightning discharge will be re- 
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lieved or 


stated that lines operating in the highest range of transmission 


CONDUCTIVITY DUE To CORONA 


4 constitutes a leakage conductance of the line. 
% This general constant of the electric circuit is 
“usually assumed to be zero in a transmission line, al- 


‘cuits is well known and understood. Shunted or leak- 
age conductance increases the attenuation or rate of de- 
‘eay of electric waves or impulses, and if present when a 
‘disturbance due to lightning passes over a line, must of 
necessity tend to retard or smooth it out. © 


_ We may estimate the value of the conductance due to 
‘corona from Peek’s! expression for the powerloss. The 


‘ical value and also with the frequency, hence the con- 
‘ductance will also have a wide range of value. As 
“examples, two No. 00 wires, discharging corona at 10 
‘ky. above the critical value, might under ordinary 
conditions have a corona loss of 2.8 kw. per kilometer, 
vand this is equivalent to a shunted conductance of 0.77 
-X 10° mhos per kilometer. Also, suppose this line 
to be placed 30 ft. above the earth, that it operates at 


below, for a critical corona-forming voltage of 55 kv. 
ti this line should suffer a lightning disturbance causing 
arise of voltage to a value of 60 kv. above ground, the 
‘Tesulting corona power loss would be about 18.8 kw., 
€quivalent to a conductance of 3.8 X 10-* mhos per 
kilometer. The foregoing values of conductance 
pertain to a frequency of 60 cycles. For higher 
Trequencies and for higher voltages the values of con- 
-ductance will also be higher in accordance with Peek’s 
formula. pine | 

__ Assuming, as now generally accepted, that a chief 
danger from lightning disturbances lies in the steepness 
: of wave front associated with high-frequency. oscilla- 
E tions or sudden pulses, the question before us is as to the 
q Influence of leakage conductance, in the amounts sug- 
, Sested above, on the rate of decay of ‘high-frequency 
_'ansients on power transmission lines. Been 


pe, resented at the Pacific Coast Convention of the A. I. E. E., 
© asadena, Cal., October 13-17, 1924. 


lowered by leakage between lines or to ground. It has been . 


‘poltages are more immune from lightning disturbances than those of - 


| HE conductivity of the air, resulting from corona, ) 


‘though its presence and importance in telephone cir- 


loss increases with the excess of voltage above the crit- 


60 kv., and that it is arranged, by m@thods described. 
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lower voltage, and that this is due to the fact that they operate nearer — 
to corona-forming voliage, and that abnormal rises of voltage are 
thus prevented by the relatively low value at which corona forms. 
This paper aims to present additional evidence that the suggestion 
mentioned ts not only sound but has important possibilities. . Expert- 
ments are described indicating a relati@ely simple and inexpensive 
method of equipping transmission lin®s to take advantage of the 
protective properties of the corona, without incurring its disad- 
vantages. 


THE ATTENUATION DUE TO CORONA 


The question of the change in shape of the front of a 
pulse or wave is one of the attenuation or decay of its 
component frequencies. In considering the value of 
corona as a protective device, it is necessary to interpret 
its functions as closely as possible, in terms of the usual 
constants of the line, and their occurrence in the general 
equations of wave propagation. The presence of leak- 
age conductance in certain types of telephone circuits 
has been known a long time and its influence on speech 
distortion is well understood. In the analysis of trans- 


- mission line phenomena, however, leakage conductance 


has always been considered negligible, and the values 
of the normal circuit constants to remain the same at all 
frequencies. It is only recently that Steinmetz? has 
studied the variation of the attenuation constant with 
the frequency, and proposed an explanation of the 
known rapid decay of steep wave fronts on transmission 
lines. He concludes that owing to the skin effect and 
to electromagnetic and electrostatic radiation, the at- 
tenuation constants pertaining to the higher ranges of 
frequency rise to enormous values, and that these fre- 
quencies constituting the steep slopes of wave pulses, 
are rapidly damped out, thus accounting for therelatively 
limited distances over which the steep fronts of such 
pulses persist. The values for the attenuation constant 
as computed range from 70 at commercial frequencies, 
through, 287 at 10,000 cycles, to 7 « 10° at 5 x 108 
cycles; the enormous values at high frequencies are due 
_ principally to the loss of energy radiated into space. _ 
In these estimates of the values of the attenuation. 
constant, the leakage conductance is assumed to be 
zero. If any is present it must, therefore, still further 
increase the attenuation, and accordingly tend to slow 
up all frequencies still more rapidly. Now it happens 
that the values of leakage conductance due to corona 
lead to values of attenuation constant much higher in 
the lower range of frequency than those computed by 
Steinmetz. The latter increases with the frequency 
more rapidly than the former in the upper range, but 
the corona attenuation is the higher over the entire 
range up to 1.5 X 10° cycles where the two values are 
about. equal; beyond this the Steinmetz value is the 
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higher. Thus the effect of corona is to greatly increase 
the attenuation constant over the entire range of the 
more important frequencies entering into the usual 
high frequency line transient. It is at once evident, if 
these estimates and assumptions are correct, that the 
corona must have the effect of slowing up high fre- 
quency and steep wave front transients even more 
rapidly than now observed and computed. | 

To arrive at an estimate as to the influence of corona, 
we may conveniently follow Steinmetz, using both his 
examples and his method for determining the pro- 
gressive alteration of several types of transients but 
using new values of attenuation constant to include the 
influence of corona. He considers the alteration by 
attenuation of three types of disturbance likely to arise 
from lightning or other similar cause; the quarter-wave 
oscillation, the periodic rectangular wave, and the 
flattening of asteep wavefront. In each case departure 
is taken from the summational expression representing 
the Fourier series and involving the succession of terms 
of increasing frequency making up the wave or pulse. 
The influence of the attenuation constant, u,, appears 
alwaysas € “”’, u, however taking continually increasing 
values with increasing frequency.. The values of wu, 
are computed as influenced by unequal current dis- 
tribution (skin effect), electromagnetic, and electro- 
static radiation, but the effect of each is reduced to the 
equivalent series resistance 7, or shunted conductance g, 
per unit length, for.ready adaptation to the well-known 
general circuit equations, as treated by Steinmetz, 
through the value 


To include the influence of corona we may add 
another term to the above expression for uz, by increas- 
ing g by the amount due to corona leakage conductance 

at the frequency ». Using the proper values of con- 
ductance and capacity, we find for the case of two No. 
00 wires 6 ft. apart and equipped so as to give a normal 
corona discharge at 40 kv., and undergoing a 60 kv. 
lightning pulse, a value of wu, due to corona alone of 
4800 at 10,000 cycles, with values increasing approxi- 
mately proportionally with the frequency. And for 
the same two wires 30 ft. above ground and equipped for 
corona discharge at 55 kv. between lines, when subject 
to a pulse of 60 kv. above ground. a value of u, due to 
corona alone of 24,000 at 10,000 cycles; the value of 
U, at this frequency if no corona is present, is 288. 
- Thus under conditions quite likely to arise in practise, 
- it is possible to look for a greatly.increased attenuation 
constant over that of the normal line, by arranging the 
line so that a normal corona discharge curve may begin 
a few kilovolts above normal line voltage. This may 
be accomplished in various ways, one of which, suitable 
for existing lines, is described below. 

Now it happens that the value of u, due to corona, it 

many times greater than the value as computed on the 
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assumption of no leakage conductance, throughout the | 


entire lower range of frequency, and in fact is exceeded 


by the latter only at frequencies above 1.5 x 105 


cycles.. Thus for the line described above the attenua- 
tion constant, no corona present, is 70 at 10° cycles, 
287 at 104 cycles, 3710 at 10° cycles, and 291,500 at 108 
cycles. The corresponding values due to corona are 
495, 4800, 48,300 and 483,000. The effect then of 
ordinary corona discharge is to greatly increase the 
attenuation constant throughout the lower range of 


frequency and to add substantially to its value in the. 
There is good evidence, therefore, that 


upper ranges. | 
corona may be expected to slow up and smooth out 


irregular pulses even more rapidly than the rates com- 


puted by Steinmetz for corona-free lines. 


Steinmetz’s assumption that the attenuation constant | 
is rapidly increased at higher frequencies through the 


phenomena of the electro-magnetic and electrostatic 
radiation has been seriously questioned.’ However, 


the influence of these factors on the values of the total | 


attenuation constant including corona formation is 
very small. The values of u,, as deduced by Stein- 


metz, are far surpassed by the value on.a corona- 


forming line for all frequencies below 1 x 10° cycles. 
At 1.5 < 108 cycles, the Steinmetz value, and that due 
to the influence of corona alone, are about equal, 
while for higher frequencies the Steinmetz values 
become greater than those for corona. If, as claimed, 
therefore, the Steinmetz assumption as to radiated 
energy is erroneous, the effect on the conclusions below 
is to be found only at frequencies above 1.5 x 10° 
cycles per second. As the range of frequencies above 
1.5 X 10° cycles plays but a small part in the totalranges 
of the several types of wave considered below, the con- 
clusions reached would not be as seriously affected. ' 
Question may arise as to the time interval required 
for the setting in of corona, and its power loss, at high 
frequencies. There is little available experimental 
evidence here, but such as there is appears to be in 
the direction of assisting the attenuation influence of 
corona. In the lower range of frequency a number of ob- 
servers’ have noted aslight decrease in the critical voltage 
with increasing frequency. Ryan’s experiments indicated 
amarked lowering at 40,000 cycles,and those of Peek‘ that 
the law of corona power loss holds up to 100,000 cycles. 


THE DAMPING INFLUENCE OF CORONA 
ON LIGHTNING DISTURBANCES 


In the following, the attenuation; caused by corona, 
of three: types of lightning disturbance on a line con- 
sisting of two No. 00 Band §S wires, 30 ft. above ground, 
and 100km. long, is studied and compared with 
behavior of the corona-free line. The examples are 
those of Steinmetz and his ingenious methods of 
approximation to the true values have been followed, 
with the exception, however, that the attenuation 
constants at the various frequencies have been increased 
so as to include the effect of corona. 


Wave Oscillation. A particular case of a 
e front is the rectangular wave resulting 
ion of voltage to a transmission line 
n at the far end, or the sudden short-circuit of such 
1: In these cases there is the possibility of the 
4 Tne frequency or quarter-wave length oscillation, 
, superposed harmonics, of the line against ground. 
| ith apeune that except for points very near the end 
4 he line where the disturbance arises, the maximum 
rolt ise gradient, or. steepness of the wave front, at 
me t, and distance 1 = 3 X 10" ¢ 1s, approximately: 


a nG: aS ae 2" e unt 

3 l, 

| which E is the line voltage, J, the length of the line 
nd Un the attenuation constant for the frequency 
an + 1) fo, f being the natural frequency of the line. 
T ‘able I gives the values of maximum gradient of 
wave front, in volts per meter, length of wave front 
7 meters, and equivalent frequency, for a 100 km. 
lo. 00 B and S two-wire line 30 ft. above ground with 
Oo ‘corona present, and also the values of the same 
quantities when the line is discharging under corona 
% a voltage about 10 per cent above the critical value. 
iv the rapid fall of the voltage gradient on the wave 
ront, and the consequent lengthening of the wave 
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Fic. 1—ATTENUATION OF QUARTER WAVE OSCILLATION 


ror t are very noticeable for the corona-forming line. 
nm the latter, the voltage gradient falls to half 


mee line the same decrease results only after about 2.5 
: lometers. The rapid decay of the wave is also 
sr own in Fig. 1, in which it is compared with the corona- 
¢ ee e line for three distances of travel. 


TABLE I 

“ATTENUATION OF WAVE FRONT OF QUARTER WAVE 
OSCILLATION ON CORONA FORMING LINE 

ime i Dis- | Voltage Gradient |Wavefront } ebiad Equiv. Kilocycles 


ic rO- tance of|—_____ 
sec- 


ds a” Without With | Without With | Without With 
m. Corona Corona Corona 
—_—_—_— 

. is € ms Rie 
a 4 1725| 792 584 | 119 161 630 465 
eo 345 | 575 369 164 256 456 293 
* cae 41g) 217. «| 227 435 330 | 173 

: 30. q 45 184 53 510 1780 147 42 


| 2500 sepia yl Ney eae (ined 


I 
n Retnp Wave. In the case of the pure rect- 
Sar wave, made up of all odd harmonics of the 


4 damental { frequency of 60,000 cycles, and repre- 
er ted by 
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falue within 1 kilometer of travel, while on the corona-— 
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Aa aad ae (omer 1) 
the high values of u,, due to corona at the lower fre-_ 


quencies, cause a rapid vanishing of terms with increas- . 
ing values of n and t. This causes the wave to lose 


its rectangular shape rapidly. As shown in Fig. 2, in 


less than 10 microsecond, or 3 km.of travel, ona line on — 
which coronais present,the rectangular wave hasassumed 
practically a sine shape, and its amplitude is rapidly de- 
creasing. Ifthe lineisnot discharging under corona, only — 
the highest frequencies are rapidly damped and the wave 
is still eat opeed after 40 microseconds or 12 kilo- 


1.0 1.5 
| KILOMETERS 
Fig. 2—ATTENUATION OF 60,000-CrcLE REcTANGULAR WAVE 


meters travel, and itsamplitudeis still higher than that at 
10 microsec. (8 km.) on the corona forming line. 
Flattening of Steep Wave Fronts. The general | 
expression for the maximum voltage gradient of any — 
steep wave front or pulse of any length i is shown to be: 
DAs Dieter oF, 
G = 3 x 10° x. 100 Je et fa (ogi) 


in which ¢ is the time since the origin of the pulse, and 
u, the attenuation constant, a function of f, the fre- 
quency. The relative values of this integral for one 
No. 00 B. and S. wire 30 ft. above ground and for values 


MAXIMUM GRADIENT 
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Fig. 3—FLATTENING OF Gone WAVE Front +BY CORONA 


of tfrom 0.1 to 1000 microseconds, are given in Table 
II, and the relative values of G as related to the distance _ 
of travel of the wave front, shown in Fig. 3, for the | 
eases of corona-free and corona-forming line. The 
very much more rapid decay of the corona IN line 
is again clearly evident. 

TABLE II 


FLATTENING OF STEEP WAVE FRONTS 
MAXIMUM VOLTAGE GRADIENT G 


Time, seconds......... 10~? 1076 107-> 1074 107 3 
Corona-free line........ 20.2 6.84 1.86 0.635 0.119 
16.8 Sie 672 .07 O 


Corona-forming line... . 
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In each of the foregoing examples a most striking 
improvement as regards the elements of danger of a 
lightning disturbance is shown for the corona-forming © 
line. While the figures must be taken as only the 
- roughest of approximations, it is nevertheless believed 
that they are of the correct order of magnitude. Par- 
ticularly important is the indication that only relatively 
short lengths of corona-forming line are necessary, 
for this minimizes the elements of complication and 
danger, and reduces costs. In view, therefore, of the 
apparent advantages to be gained, it remains to examine 
the problem of a corona-forming line in the light of 
some of the conditions of normal line construction 
and operation. 


_ DISADVANTAGES AND DIFFICULTIES 


Looked at from the standpoint of application to 
existing lines and normal operating conditions, there 
are several questions which arise and which may 
constitute serious disadvantages to the use of corona 
as a protective device. Perhaps the most important 
is the variation in the value of corona-forming voltage 
with atmospheric conditions. Corona voltage is raised 
by an elevation of pressure, and lowered by an eleva- 
_ tion of temperature; the influence of temperature is 
the more important. An annual range of temperature 

of 60 deg. cent. in any one location is not unusual, and 
this would mean an elevation of 25 per cent of the cold 
weather, over the hot-weather, critical voltage. When, 
however, we note that very short lengths of corona- 
forming line are indicated as necessary for protection, 
there would appear to be no difficulty in setting the 
corona-forming voltage at the value insuring protection 
under all conditions, and allowing the line to discharge 
continuously during the periods of high temperature. 
On an average line, an elevation of voltage of 1214. 
per cent above the corona-forming value would result 
in a continuous loss due to corona, of the order of 
about 1 kw. per mile, so that if the line were set for the 
_ average conditions as regards density of the atmosphere, 
a good measure of protection would result in cold 
weather, and excellent protection in warm weather, 
at the expense only of the relatively low value of loss 
mentioned. 

Several writers have. attempted to estimate the 
extent of the protection available through corona, by 
comparing the probable amount of energy stored in a 
line at the time of lightning discharge, with the normal 
rate of power loss from corona. A cloud overhead 
induces charges on a part of the line. When the 
cloud discharges, charges are left on the lines immedi- 
ately raising their potentials. If the rise of voltage 
exceeds the flashover voltage of the insulators, it is 
discharged at once; if not, the wave front of voltage 
advances down the line oscillating back and forth and 
gradually leaking to ground. If the flash-over voltage 
of the insulators be taken as the maximum value 
reached by the lightning voltage, and a length of line 
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of the order of 20 miles be taken, it may be shown that 
the total amount of energy liberated will be of the 
order of 2000 or 3000 joules. If this energy is estimated — 
to traverse the line at the velocity of light, the instan. 
taneous values of power are seen to reach very high 
values, values in fact which arenotappreciably lowereq 
by the known rates of dissipation of energy by meang — 
of corona. For these reasons some doubt has been — 
expressed as to the value of corona for the purposes in _ 
view. If the discussion in the preceding paragraphs 
of this paper is correct, it is obvious that the entire — 
charge liberated by a lightning discharge cannot proceed — 
down the line with the velocity of light, and it is not ¥ 
so much a question of the total amount of stored energy, — 
as of the steepness of the wave front with which the — 
charge, or voltage, proceeds down the line. Assuming — 
then that the values of stored energy as estimated — 
above are correct, the indications are that the initia] — 
steep and dangerous impulse would be quickly retarded, — 
and the total amount of energy would finally dissipate — 
itself by repeated oscillations back and forth along © 
the line, with wave fronts of continually decreasing — 


steepness. 


There is also the question of the influence of frequency — 
on the value of corona-forming voltage, as already 
mentioned. Experimental evidence was cited here, 
indicating that if frequency does have an influence, it is. ' 
in the direction of lowering the corona voltage at higher — 


frequencies. 


It is quite obvious in connection with all of the above — 
questions that experiment and trial only can answer — 
them. The principal purpose of this paper is to point | 
out the value of shunted conductance as a means of — 
lightning protection, whether or not this conductance _ 


be obtained by corona formation, by the use of small 


line conductors, points on the usual size of conductor, — 
or by any other form of distributed parallel-connected 
resistance. Furthermore, it is evident that owing to 
the short lengths of line, and the low values of loss in- — 
volved, it would be a comparatively easy matter to — 
make a test of the use of corona as a protective device. — 


ARTIFICIAL CORONA FOR EXISTING LINES 


Examination of the relation between voltage, size of — 
wire, and spacing for corona formation, shows at once 4 
that within the range of practise, only those lines opera- — 
ting at very high voltages and in highaltitudesapproach — 
in any way nearly the critical corona-forming condition. — 
Usually the corona-forming voltage is from two to — 
three times the normal operating value. In order, 
therefore, to bring such lines to a corona-forming volt- — 
age differing by only a small amount from the operating — 
value, it is necessary either to modify the spacing or to — 
For most values of | 


change the size of the conductor. 
transmission voltage and size of conductor, the spacing 
necessary for corona formation is so short as to consti- 
tute serious danger of the swinging together of the wires 
in the spans, or of flashover. 


The reduction of the size 
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he more effective means of lowering the 
ge on existing lines. For example, 
no of 1.6 cm. diameter, aluminum cables, with 9 
- acing, reduction of the diameter of the 
274 oF ae would result in a reduction of the 
le one na” voltage of 33 per cent. A still further 
es Be ize of the conductor, therefore, would 
i Peery in order to produce corona in accord- 
: .. ie laws for round conductors. Such reduc- 
ctor would be possible in some instances, 
a a of copper clad steel or other conductors of 
eS ensile strength. It is probable, however, that 
2 ethod of reducing the corona voltage would not 
attractive to the average line superintendent. For 
ase reasons it has appeared worthwhile to investigate 
s possibility of equipping existing lines of standard 
a ‘th some form of point or stud of such design 


acing, Wl ) : 
the line would give a corona discharge curve equa 


.. petter than, the normal corona power loss curve, 
A voltage as nearly as desired to the normal operating 
alue, and which, in addition, might be applied to the 
1e with relatively little difficulty and expense. 

No priority is claimed for this idea, except, perhaps, 
sregards this country. The power of point discharge 
r relieving high voltage has long been known. : In 
articular, experiments with short barbed wire lines 
ave been performed by R. Nagel® in Germany, who 


nductor iS t 
ja] corona volta 


mtion to install experimental stretches of barbed wire 
S ightning protection. However, no notice of this 
C0) k appears to have been taken in this countrv, and 
ransmission engineers have not been impressed with 
he value of the suggestion of corona protection. These 
acts in large measure prompted the present work. 

The experiments of Nagel are especially worth noting, 
us they give direct evidence of the value of corona or 
Oint discharge in reducing high voltage line pulses. 
€ worked with two out-of-doors lines each 250 ft. long. 
ne line consisted of smooth wires, and the other of 
mmercial barbed wire, both of iron. The barbed 
wire line showed point discharge beginning at 30 kv. 
ach wire of each line was equipped with a reactance 
boil at the far end, and across these coils sparkegaps were 
faced. Spark-gaps were also placed across the two 
mires of each line. Electrostatic impulses of 40 kv. 


he voltage rises at the end of the line between wires 


04 


A ter waves, the maximum gap lengths for discharge 
= ng from 30 per cent to 60 per cent of those for the 
mMooth wires. . 
4 arbed wire, while eminently suitable for such initial 
~Periments, is probably not the best type of discharge 
e ductor. Better results are likely with other and 
ae regular shapes of discharge point. Moreover, the 
» 88estion to replace a section of transmission line with 


} Fj 
4 fe 


fates that two power companies have announced in-- 


Were sent at rapid intervals into each of the two lines. - 


vas measured by the gayis between wires, and the steep- 
SS of the wave by the gapsacrossthereactances. . The 
Ss bed wire line showed much lower voltages and. 
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a length of barbed wire is so unattractive that it would . 
probably be refused at once by most transmission engi- 
neers. The following experiments then were under- . 
taken with the aim of devising a simple form of stud or - 
clip which may be readily applied to existing lines, which © 
may be so designed as to discharge at any desired value 
of voltage, and give a discharge power curve as steep or 
steeper than the normal corona loss curve. oe 


THE EXPERIMENTS _ 


‘The method of studying the relative corona conduc- | 
tivities of different forms of discharge points is indicated 
in Fig. 4. A is the conductor to be studied, B a sur- — 
rounding metal cylinder 30.5 cm. in diameter, and 178 

-em. long. This cylinder is perforated with a large | 
number of 1.6-cm. diameter holes, over the whole sur- 
face of a central region 76-cm. axial length: Im- 
mediately outside this central perforated section, and 
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Fig. 4—DracraM OF CONNECTIONS, ConpbucTivITy DUE TO 
CoRONA 


separated from the outer wall of the cylinder B, is an 
outer surrounding cylinder of sheet metal, C. This 
outer cylinder C, well insulated from B, is connected to 
ground through the resistances Rf, and FR, and a source 
of continuous voltage, usually 110 volts. A sensitive 
galvanometer G is connected across the terminals of 
the resistance Ri. Cylinder B is connected to ground, | 
and the galvanometer, therefore, indicates the con- 
ductivity of the air layer between cylinders B and C. 
This conductivity sets in as soon as corona appears on 
the central conductor A, due to the elevation of voltage 
by the transformer 7’, the value of voltage being read 
by the voltmeter D connected to a tertiary coil of the 
transformer. This is a very simple and convenient 
method of studying the relative conductivity of different 
types of corona-forming conductor. It has been de- 
scribed in detail in the author’s papers on the corona 
voltmeter. : 
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As typical of the types of discharge curves to be ob- 


served with this equipment, see Fig. 5. The two curves | 


C are given by a nickel-plated steel rod with carefully 
smoothed surfaces, as used in the corona voltmeter‘. 
These curves show clearly the sharply marked critical 
corona voltage, the absence of conductivity below the 
_ critical voltage, and the steep ascent of the discharge 


eurve. Curves A and B were taken on a 1.58-cm. 
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Fig. 5—Corona DIscHarRGE 
A. Al. Cable, 19-Strand 5/8 In. Diam. New 


B. Weathered 
C. Nickel-Plated Steel Rod, 0.188 In. Diam. 


diameter, 19-strand aluminum cable; A in the fresh state 
as taken from the reel, and B after operation for a num- 
ber of years on the transmission lines of the Pennsyl- 
vania Water and Power Company. Two curves are 
given in each case showing the galvanometer deflec- 
tions with the electrode C positive and negative. The 
curves with positive electrode begin earlier and rise 
more rapidly. This is due to the greater velocity of the 
negative ions and indicates that for experiments of the 
present type, the electrode C should be charged with 
positive potential as being most sensitive to the begin- 
nings of corona. The slightly lower critical voltage of 
the new cable is probably explained by the fact that its 
outer layer of strands was not tightly in place. The 
pitch of the spiral of the weathered cable was nearly 
twice that of the new, and all the strands of the former 
were snugly in place. | 
The Pennsylvania Water and Power Company’s lines 
operate at 70 kv. three phase, 25 cycles, and the samples 
of cable were kindly furnished by the officials of that 
Company. This cable was, therefore, taken as a con- 
venient example for a study of possible methods of 
altering its normal corona. discharge curve. The dis- 
charge curve of Fig. 5 indicates that this line is operating 
at a voltage somewhat less than one-half the value of 
that at which corona would form under normal con- 
ditions. The experiments were, therefore, directed 
toward the development of a suitable point or stud on 
this cable which would give a discharge curve starting 
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in the neighborhood of 22 volts (tertiary coil) and which 
should rise from that value as sharply as possible. 

The properties of commercial forms of barbed wire 
were firststudied. Sixdifferent types were investigated, 
consisting of twisted pairs of various forms of round and 
square wires, with points at intervals of from 714 em. 
to15cm. The points in all cases were about 1.25 em. 
radial length, with jagged points resulting from ordi- 
nary cutting processes. The curves of three of these 
wires are shown in Fig. 6 and are typical of them all. 
The curves indicate, especially that of sample 8, that 
barbed wire may be constructed so as to give a fairly 
steep curve of discharge. All of the types of barbed 
wire investigated, however, have the disadvantage that 


their discharge curves all begin at about the same value 


of voltage and that they are, therefore, not readily 
susceptible to selection for a specific value of voltage, 
Moreover, the value of the voltage of initial discharge is 
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Fic. 6—DiscHarce Curves. COMMERCIAL BARBED WIRE 


No.1. Four 5/8-In. Points 3-In. Spacing 
No. 3. Four 5/8-In. 6 3/8-In. “ 
No. 5. Two 5/16-In. “ 51/2-In. “ 


very low, being, for the case of the line in question, about 
25 per cent of the value of the normal operating voltage. 
The influence of the number and the spacing of the 


points on ordinary barbed wire was also studied. A ~ 


number of special samples was constructed, consisting 
of two 10 B. and S. copper wires twisted together and 
with points 14 inch long placed in pairs at different 
distances of separation. The points were those result- 
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~ 


e cutting of the wire with pliers. The curves 
ome of the results. Curve No. 0 shows 
f the twisted pair without any points; 


n x from th 
of Fig. 7 show § 
the discharge © 
It will be noted that the effect of increasing den- 
of points, 7. ¢., the number of points per unit length, 
ase the steepness of the discharge curve up to 
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CurRvVE, UNIFORM SPACING — 


0 No Points 

1 Spacing 25 Cm. 
2 ff 12.5 ‘ 
3 : 6:25:05 
4 i 3.1 : 
5 ¢ 1.75 


the points, due to their mutual electrostatic influence. 
The small inset curve shows the variation of the dis- 
charge with the density of points, for a particular value 
of voltage. The influence of point spacing isalso shown 
In the curves of Fig. 6 in which curve No. 3 with a 
Spacing of points twice that of curve No. 1, nevertheless 
shows a steeper gradient. The curves of Fig. 7 also 
Show the disadvantage of barbed wire mentioned above, 
that the discharge begins at a very low value of voltage, 
é nd is not susceptible to a variation of critical value. 

_ A large number of different types of discharge point 


Was tried with the 19-strand aluminum cable. In one 


Clamped around the cable with points cut in the metal 


and bent outward. Points of this character having 


Angles of from 15 deg. to 30 deg. give discharge curves 


end, the result is only slightly better than that for 
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Jo. 1 with points spaced at 25 cm.; No. 2,at 1214 cm., | | 
| in Fig. 8. Curve No. 1 is that pertaining to two 30. 
deg. sheet-steel points 1.25 cm. long, projecting radially 
at opposite ends of a diameter. Curve No. 2 is that 


is to incre , 
ee ain point. In the present case the spacing of 314 

rc shows the maximum and steepest discharge curve. | 
LiLo 


acing as shown by curve 5 evidently has the 


- direction. 


Fic. 7—InFLUENCE or NuMBER oF Points ON DISCHARGE 


effect of reducing the electric intensity at the ends of 


*rm narrow bands of sheet iron or aluminum were 


: Similar to those of barbed wire; that is, they begin from 
“ow values of voltage. Fora point cut square on the. 
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sharp points. Conical bosses stamped into sheet metal 

result in higher value of critical voltage, but show 

discharge curves with a very slow rise. tae 
Some of the results of these experiments are shown 


of two 0.32-em. diameter brass studs 1.25 cm. long, 
also at opposite ends of a diameter. Curve No. 8 is 
that resulting from wrapping around the cable in 
spiral form a No. 8 B. and S. copper wire at the same 
pitch as that of the strands of the cable, but in opposite 
7 Curve 4 is that of the bare aluminum 
eable. Curve No. 1 for sheet steel points is not suitable 
for reasons already mentioned. Curve No. 3 is the 
steepest curve observed throughout the experiments 
and, therefore, appears to have marked advantages. 
However, it should be noted that this curve has a 
critical value of voltage about the same as that 
pertaining to the bare cable. It is possible that a 
lower value might be obtained by the selection of a 
different size of wire, or perhaps a ribbon of special 
type of cross-section. Since, however, the application 
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Two Sheet Steel Pts. (30 Deg.) 1.25 Cm. Long 
Two Brass Studs, 0.32-Cm. Diam., 1.25 Cm. Long 
No. 8 Wire Spiralled on Cable 

Bare Cable 


Fig. 8—5/8-In. 


Mee INOa aL. 
No. 2. 
No. 3. 
No. 4. 


of such a spiral or ribbon to existing lines would be 
troublesome, if not thoroughly impracticable, experi- 
ments were not carried further in this direction. 

The studs used for Fig. 2 were the only simple and 
convenient method encountered in which the point of 
initial discharge could be readily controlled. These 
studs were turned from brass rod and were of uniform 


_ cross-section throughout their length and their ends 


were rounded to hemispherical shape. The length of 
stud, diameter, and the radius of curvature of the end, 
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determine the initial value of discharge voltage; the 
spacing or linear density of the points along the cable 
determines the steepness of ascent of the discharge 
curve. A number of studs of this type were tried 
and the -dimensions given are those selected for a 
curve starting at about 20 volts (tertiary). The curves 
of Fig. 9 show the influence of the number of points in 
increasing the steepness of the discharge curve, and 
that a 15-cm. spacing gives a discharge curve somewhat 
steeper than that of the bare cable. A closer spacing 
might give an even steeper curve, but the gain would 
be small as compared to the number added. For these 
reasons it is concluded that the corona-forming voltage 


of any existing line may be adjusted to any value below | 


that pertaining to the bare cable, by mounting on it 
in pairs radially projecting studs at a spacing between 
pairs of about 15cm. The studs should be of uniform 
circular cross section with rounded ends. The dimen- 


oad PG OP | A 
aloe eine 


wee 
aie cig 
ere ea 
ee ae pop 
a 
ees Sa 7 aa a 
hed lee tA Lele 
ices oe a 
PEA 
FECHA 
tt eer ee 


16 


14 


GALV. DEFLN. CMS. 
co 


0 60 


wee TERTIARY COIL VOLTS 
Fig. 9—0.5 In. By 0.125 In. Stups on 0.625 In. Diam. 19-STRAND 


_ CABLE 
No. 1. Single Pair 
No. 2. 2 Pairs 10-In. Spacing 
Nors.:38e% to) Sin, é 
No.4. 4 “ .6-In. & 
Noid. 82.“ 6-In. s 
No. 6. Bare Cable 


sions of the studs will determine the voltage of initial 
discharge, and they can be determined most readily 
for each new case, by the’simple experimental method 
described above. sn eeleg 

A simpleand effective method for mounting the points 
on thecable, is shown in Fig. 10. The brass studs have 
thin flat heads, somewhatinthemanner of rivets. The 


studs are placed, points outward, through holes in the 


rs 
%, 
% 


WHITEHEAD: THE CORONA AS LIGHTNING ARRESTER_ 


ends of a thin but stiff spring clip, which is then slipped 
over the cable. The clip embraces more than half 


the circumference of the cable, and the two studs are © 


thus a little nearer together, on the open side of the 
clip, than one half the circumference. By this means 
the heads of the studs grip the strands of the cable, 
resulting in a firm attachment of spring clip and studs. 

Experiments to test the value of the suggestions 


Fig. 10—Corona Discuarae Cures on 5/8-IN. CABLE 


above should not be either difficult or expensive. 
Definite. conclusions should be possible from the 
equipment with suitable studs of say two terminal 
miles of one of two parallel lines. Comparative 
observation of the two lines over long periods should 
afford some evidence, and earlier conclusions would be 
possible by the use of artificial high-frequency dis- 
turbances and suitable means of studying their effects 
at the protected end of the line. 7 

The author gratefully acknowledges the assistance 
of Mr. N. Inouye throughout the experiments. 


CONCLUSIONS 


1. The conductivity resulting from corona on 
transmission lines is sufficiently high to cause large 
values of attenuation constant, and the value of 
corona as a protection against high-frequency and 
steep wave fronts resulting from lightning and other 
causes is pointed out. 

2. It is indicated that only short lengths of corona- 
forming line, say one or two miles, are necessary for a 
large measure of such protection. | 

3. To take advantage of this method of protection, 
the corona-forming voltage should be slightly above 
the operating’ value. On existing lines this may be 
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a 4 lished by reducing the spacing and ‘size of 
é Aor ‘yesulting in uniform corona, or, when this is 
i: Be nable, by equipping the conductors. with 
a Eile discharging points. 

"4, The relative discharge values of various types 
4 studied experimentally. A simple form of 


* point are noe : 
3 tip and stud is proposed, which gives a discharge 
pr. | 


quival Sane ter 
adily mounted on a transmission line conductor. 
Cau 


redicted value depends on several assumptions re- 
niring proof. In view of its simplicity and the short 
snoths of line involved, experiments on the scale of 
~tice should be not only practicable, but attractive, 


| . D C tise é é 
. f the high degree of protection promised. : 


n view O 
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ause a large percentage of the spark-overs on high- 
voltage lines. 

5. Waves giving low impulse ratios are not repre- 
sentative of average field conditions, and do not give 
severe enough effects for impulse testing. 

6. Statistics compiled from lightning records gath- 
red from widely scattered power systems substantiate 
whe fact that the standard laboratory waves (14/5 and 
2/20) discussed above give effects truly representative 
i average field conditions. These statistics also serve 
aS a valuable basis for considering economically the line 
asulation necessary under different conditions. 

4 ‘. It therefore seems quite proper to consider the 
above standard lightning wave as a rational basis upon 
which to compare insulator and insulation strengths in 
me general problem of coordinating line and apparatus 
nsulation. | ee 

8. Coordination of system insulation on transmis- 
#0n lines has been used on important systems and its 
Ue is now recognized. The law of time lag given 
e Permits the proper coordination under all con- 
a BI Ns, ; ‘ 
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ent to that from corona, and which may be 


ze The method has some disadvantages, and its - 
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Does Lightning Oscillate? As a First Approximation, What is 
the Voltage, Current, Resistance, Energy, Power, Damping, 
Potential Gradient, and Rate-of-Change of Current? — 
BY E. E. F. CREIGHTON No lae a 


Associate, A. I. E. E. 
Consulting Engineer, General Electric Co., Schenectady, N. V. 


Review of the Subject.—By the use of some new experimental 
data of the resistance of conducting vapors the conclusion is reached 
that the current in a streak of lightning oscillates. Starting with 
experimental value of 4600 volts per centimeter, as the average 
potential gradient for the electrostatic field between the thunder- 
cloud’ and earth, some astonishingly high values for the factors 
involved in lightning resulted. For more than a decade the average 
current in a lightning stroke of 10,000 amperes has been accepted. 
The calculations in this paper show a value as great as one-and-a- 
half-million amperes. Some of the other factors correspondingly 
large are as follows: The energy stored in the electrostatic field is 
The maximum power expended in the dis- 
charge is 860-billion kilowatts. The frequency for the particular 
stroke calculated, one mile long, is lower than former estimates,— 
about 50,000 cycles per second. 

Calculations were made of a bolt of lightning which struck a 
wooden pole protected by a No. 6 wire. The results agree with the 
independent calculations of the factors given above of a lightning 
stroke. | 

In a later paper the subject will be pursued further, and the equa- 
tion will be recorded. 


“9 


HE object of this paper is to present the principal 
data which indicate strongly that the usual strokes 
of streak-lightning are oscillatory. 


SIGNIFICANCE OF OSCILLATIONS 


A pertinent question would be > What if lightning » 
does oscillate? What significance has it? A few 


answeres will be given. 7 

1. To the electrical engineer the protection of 
electrical apparatus and continuity of service are of prime 
importance. If lightning oscillates with a definite 
frequency a particular type of protective device must 
be used to protect against resonance. If the natural 
frequency of a coil corresponds to the lightning fre- 
quency the total energy of a traveling wave of electricity 
produced by lightning will concentrate by resonance 
in the coil. This local concentration of the electric 
charge endangers the insulation between turns of the 
coil. | 

The oscillatory type of lightning surge has an effect 
different from the simple high-voltage impulses which 
requireonly a lightning arrester to relieve the immediate 
potential stress. Furthermore, the oscillating surge 
differs from the abnormal currents which demand 
circuit breaker protection. A surge with a frequency 

Presented at the. Pacific Coast Convention of the A. I. EB. E., 
Pasadena, Cal., October 18-17, 1924. 
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may not possess either dangerously high voltages, which 
will jump through the path of the lightning arrester to 
ground, nor dangerous values of current, yet through 
resonance it is a menace to insulation. ; 


_ 2. Still more important is the protection of persons - 


from electric shock, especially in a house struck by 
lightning. The presence of oscillations adds to the 
difficulty of protection.  —_. | 

3. Oscillations enter also into the protection of 


chimneys, powder magazines, oil tanks, and the like, 


the destruction of which causes at least a heavy finan- 
cial loss. A } 

4. To establish, in general, an understanding of the 
fundamentals of lightning theory and action,—in 


fact, to understand why lightning should strike from 


cloud to earth, it is necessary to know if the conditions 
are such as to permit oscillations. If experimental 


data and mathematical calculations combined with 


scientific speculations should prove that conditions of 
oscillation must exist before lightning can strike from 
the usual thunder-cloud to earth, then conversely 
oscillations are established because lightning does strike 
from the usual thunder-cloud to earth, as many can 
testify. : | | 


WHERE LIGHTNING IS NoT OSCILLATORY 


Oscillations are not generally accepted. The infor- 


mation comes to me from E. F. W. Alexanderson that 
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ers have had experiences with noises 
Be som “static” (an inclusive term) which lead 
ans conclude from their observations that the 
: 2 4 4 lightning are consistent either with unidirec- 
* i a ent or otherwise, if oscillatory, with oscil- 
tne of no fixed frequency. Several eminent men of 
§ : who have taken an interest in lightning phenom- 
a d and measured direct currents 


ma have assume | ; 
Bced by thunder-clouds. Furthermore, their meas- 


ae Blois! made measurements of induced current 
vears ago, using an antenna and an ordinary 
jar oscillograph. C. T. R. Wilson?’ in making 
3 eulations of lightning current from his experimental 
sasurements assumes a Single unidirectional dis- 
gree. HH. Norinder® made measurements of induced 
| tages due to thunder-clouds and again the changes 
voltage were comparatively slow, even less than in a 
eyele circuit and the current measured was unidirec- 
nal. Long before any of the foregoing observations 
yere made Elihu Thomson, from experiments and 
servations, had concluded that lightning was non- 
Gillatory. If I understand correctly the part of the 
nder-cloud considered by these eminent investi- 
Ors, I am in agreement,—there are no oscillations. 
ater an endeavor will be made to show that the 
asurements made by De Blois, Wilson, and Norinder 
re potential changes due to the outlying parts of the 
mder-cloud and not to the main streak of lightning. 
2) large brilliant streak is the only part of the dis- 
arge with an electric resistance low enough to allow 
cillations. The situation will be clarified by the 
ement that no proof is offered herein to cast doubt 
the measurements made by these investigators. 
far, none of their measurements was made near 
ugh the main streak of lightning or otherwise with 
lable instruments to record the sudden changes and 
gn irequency oscillations of the streak itself. 
urthermore, be it understood that calculations of 
mi ing current and oscillations, herein given, are 
b yet definite matters in the realm of engineering. 
P by step during the past score of years a closer 
Poach has been made toward an accurate under- 
aiding. There is yet much work to be done but 
ume seems opportune to record several factors 
eh approach an engineering nature. 


o-engine 


A 


SCOPE OF THIS PAPER 


€rein the results of new experimental data are 
sented. Also a new method of approaching the 
tion of the problem is given. It is not possible to 
4 t briefly the results and at. the same time give 
=Matical justification. The merest statements 
+ *esults become voluminous without including the 


Investigations on Lightning Protection for Build- 
Behl 7, A. I. E. E., Vol. XXXII, Pt. I, p. 519, 1914. 
El » *Tans. of the Royal Society, 1920-21. 

_ “trical World, February 2, 1924. | 
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proofs. Therefore, it-is planned to present the subject 
matter in readable form and, later, after the com- 
pletion of the theory of formation of lightning storms, 
the conditions will be more propitious to show’ the 
formulas involved, to discuss their applicabilities and 
limitations, and state definitely the assumptions made. 
At present, then, comes the readable story. 
However, in the lack of detailed calculations in this 
paper, an explanation is due those who “shake a right 
smart mathematical pencil.” The particular group 
of well-established equations chosen for calculating 
numerical values includes those developed for ‘‘dis- 
tributed’”’ inductance and capacitance. Numerical 
values are mostly rounded off. Approximations are 
quite consistent with the knowledge of lightning and — 
also with this first step in the presentation of the subject. 


STANDARDIZED ELECTROSTATIC FIELD OF FORCE 


Initially there is needed a standard thunder-cloud. 
But pictures of thunder-clouds must first be developed 
before it is possible to choose one for a standard. The 


Ta AS Cioud 


1 Mile High - 


|. 4 Mile Diameter 


Fic. 1—Cuoick or SizE oF AN ELEctTROSTATIC FIELD oF FORCE 


Due to a Thunder Cloud as a Basis: of Calculation and Reference,— 
Designated in this Paper as Standard Field. 


>! 


term “‘standard’’ in this case does not signify that every 
thunder-cloud has to be equal to the standard, any 
more than that any distance on the earth has to be 
equal to the standard yard, deposited in the archives 
at Washington. Like the standard yard, the standard 
thunder-cloud is a matter of reference. The standard 
thunder-cloud is later to be built out of the static field 
of force. - 7 : 

In the English system the standard field of force of a 
thunder-cloud is to be cylindrical in form one mile in © 
diameter and about one mile high, Fig. 1. The lower 
surface of the field is the surface of the earth where one 
electric charge may be definitely located. The upper 
surface of the static field is that section of the thunder- 
cloud which may be considered the opposite plate of a 
condenser. But the cloud charge is not located on a 


definite surface like the earth. The total charge 


is made up of tiny charges on small drops of water 
distributed throughout the body of the cloud. Thus 
the visible thunder-cloud which produces the standard 
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static field must be placed, at present, somewhat 
indefinitely about a mile above the surface of the earth. 
Why choose these dimensions? Clouds do not form 
much above an altitude of three miles and thunder- 
clouds are usually much lower. Perhaps, as a guess, a 
kilometer is closer to the usual height of thunder-clouds. 
The horizontal dimension of the part of a thunder- 
cloud which discharges in a single stroke is estimated 
between a quarter of a mile and—very indefinitely— 
three miles. There may be larger charged volumes 
than the standard static field, yet it may be conceded 
that for the present a mile in diameter is large enough to 
consider,—the ‘values of the calculated factors are 
sufficiently terrific. | 
It is well to prepare the mind for a later meta- 
morphosis of this static field. According to the theory 
_ to be built up, the energy of the static field may not 
enter directly into the streak of lightning. Indeed, 
the electrostatic energy of this initial field of foree may 
be turned entirely into electromagnetic energy before it 
is finally used up in the vivid hot streak which connects 
the cloud and earth. In brief, this static field is not 
_ the dynamic lightning stroke. The static field. is 
merely a starting point. | 


The Capacitance of the Standard Static Field of a 


Cloud. The capacitance is equal to that of a condenser 
built of ordinary window-glass 1% in. thiek and about 


2.5 ft. square (0.3 em. thick and 80 cm. square). 


Numerically the capacitance is about eleven thou- 
sandths microfarad (11.18 x 10° farad). : 

The Maximum Voltage of the Thunder-Cloud to Earth. 
According to the line of reasoning which follows, a 
thunder-cloud a mile above the earth and about to start 
a lightning stroke cannot have more potential above 
the earth than 700-million volts. The voltage of the 
thunder-cloud relative to the earth may be less than 
700-million volts and still discharge to earth,—how 
much less depends upon the type of thunder-cloud and 
the soundness of the theories herein presented, of 
oscillations and of low damping resistance in the path 
of the discharge. It is not possible to discuss intel- 
ligently the value of the minimum potential to discharge 
to earth until definite pictures of the process of forma- 
tion of the path of discharge are given. At present. 
the discussion will be confined to the probable maximum 
value of lightning potential. ie 


ESTABLISHMENT OF THE PROBABLE VOLTAGE GRADIENT 
OF THUNDER-GLOUDS 


Theoretical assumptions of the main factors involved 
in a lightning stroke are not necessary. The discharge 
through the clear atmosphere is apparently like the 
high-voltage discharges in the atmosphere of a labora- 
tory. After the average voltage gradient is determined, 
volts per centimeter or volts per foot from earth to 
cloud, it is only necessary to determine the approximate 
height of the cloud to calculate its voltage. The 
extremes of the possible voltage gradient will first be 
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discussed. It is certain that the average voltage gradi. 

ent from cloud to earth is not equal to the corona value — 
of 24,000 volts per centimeter at an altitude of one mile © 
There can be no doubt that this — 
critical voltage, which causes a visible discharge of © 


(161,000 cm.). 


electricity through the air, must exist at the point in 


the cloud where the lightning discharge is initiated, 


A visible corona must appear somewhat like a head- 


light to the discharge as it strikes forward. But, sq J 
far, as already indicated, no such high-voltage gradient — 


near the earth has ever been measured. 


A. B. Hendricks, in testing his two-million-volt 


transformer outfit, obtains an average voltage-gradient 
between pointed electrodes of 5000 volts per centimeter 
(% the corona value at sea-level). 
between sharp points was 426 centimeters (14 feet), 
The applied voltage was 2,120,000 volts peak value. 
Dividing the voltage by the spark distance gives 


approximately 5000 volts per.centimeter for the voltage- — 


gradient. . : 

The voltages of spark-over of a needle gap at values 
up to 160,000 volts are the same for direct current as 
for the peak value’ of 60-cycle. alternating current. 
So far as these data go, therefore, the 5000 volts per 


centimeter at the surface of the earth, as the average ~ 


gradient, is fairly acceptable.. 
At the lower surface of the storm-cloud, at a mile 
elevation, the conditions are different in several respects 


from those at the surface of the earth. Not only are 
- there charged raindrops, humidity at the dew-point, — 
but also the elevation itself will change the potential — 
The test of spark-over voltage between — 


gradient. 
sharp points in normal, dry air would lower the poten- 
tial gradient from 5000 volts per centimeter average at 
the Pittsfield elevation to 4290 volts per centimeter 
average at one mile elevation. A higher humidity at 
the cloud might raise the gradient above 4290 volts 
per centimeter. The presence of charged raindrops 
free to move under the electrostatic force would have 
an unknown effect. Furthermore, if. there is a local 
discharge at the surface of the cloud the conditions are 
no longer static. 
or at least an impulse. The possible significance of a 
local discharge in the cloud is the production of ultra- 
violet light which ionizes the air in the neighborhood, 
making it more conducting. Also if there is a local 
oscillation, the spark voltage in the neighborhood is 
lowered as so well pictured by President Ryan in 
his May address in New York. These factors of 
humidity, charged raindrops, local discharges, ultra- 
violet light produce uncertainties in the average voltage 


gradient in the cloud, which would be disturbing if it~ 


were necessary to get an exact value. But it is not. 
Some of the factors of lightning are not known and it 
will be shown in this theory that one factor is incor- 
rectly estimated by over 10,000 per cent. Therefore, 


it is quibbling to hestitate at a guess which apparently — 


involves at most only a relatively few per cent error. 
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There may be a resultant oscillation — 


2 


Beorin der estimated a voltage gradient near the 
L a as great as 4000 volts per centimeter. It must be 
2 mt if the voltage gradient near the earth was 
gpden Its per centimeter, and we picture the cloud 
40 Be to begin a brush discharge, that is to say about 


| s the average potential gradient between cloud and 
Es, must have been greater than 4000 volts by some 
E nown value. Having now in a rough way found 
robable values in the neighborhood of 4000 and 
F, Rie olts per centimeter, an intermediate value of 
4500 volts per centimeter will be arbitrarily chosen as 
5 probable maximum for a tentative working value. 

‘An average voltage gradient of 4500 volts per centi- 
meter and a height of one mile (161,000 centimeters) 
sive the maximum possible voltage of the standard 
static field, stated above, of 700-million volts. 


fue Maximum VOLTAGE INDUCED BY LIGHTNING 
{ ON A TRANSMISSION LINE 


Since the potential gradient near the surface of the 
earth must be less than the average potential gradient 
fo the cloud, the maximum potential that can be 
induced on transmission wires must be less than the 
groduct of the maximum potential gradient of 4500 
rolts per centimeter and the height of the line expressed 
n centimeters. For transmission wires strung at 33-to 
44 feet above the surface of the earth the maximum 
possible induced potential from lightning will be five- 
(0 six-million volts. ; 

To avoid a possible misconception, distinction may be 
bointed out between induced charges and the instan- 
taneous voltage of a bolt of lightning. The voltage. 
ust in front of the lightning bolt as it bores its way 
rough the atmosphere to earth is approximately 
0,000 volts for every centimeter. By this line of 
reasoning, a power line that is struck by lightning may 
bossibly reach a voltage instantaneously of six times 
me maximum induced value, numerically 30-million 
O 36-million volts,—but not more. , 
4 eturning again to speculations on the induced values 
4 potential on a line, there is a special significance in the 
Possibility of reaching five- to six-million volts. Will 
Fansmission circuits ever reach a high enough insu- 
@0n to prevent all accidental short-circuit ares around 
asulators? It has been frequently observed by.trans- 
Mission engineers that each step in raising the power 
fOitage of the line so improved the insulation of the 
me that fewer lightning discharges cause flashovers 
z the insulators. Speculations have been made re- 
tay ding the possible number of flashovers on the new 
20,000-volt line with one-and-a-half-million — volts 
4 Pulse) arc-over of the insulators. What would 
. °° Place if such lines had been constructed in light- 
a S-infested districts? If the maximum induced volt- 
- of six-million volts is established, then as frequently 
“e appens every transmission circuit subjected to 
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900 volts per centimeter at the lower surface of the 
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this maximum will are-over the insulators momentarily 
at least. ears ee 

The energy stored in the electrostatic field is. about - 
700 kilowatt-hours which, if it could be gathered fOr use, 
would, at 10 cents, bring $70. In less practical units 
thereare3 x 10° joules. 


_ POWER OF A DISCHARGE 


The power expended by the discharge of a standard 
electrostatic field, although it is only a part of the total 
energy of the thunder-cloud, is astounding,—860- 


billion kilowatts (860 x 10" watts). 


Contemplating this possible display .of power indi- 
cates we must give up the habit of speaking of dynamic 
power in lightning arrester work as indicating generator 
power and not lightning power. Thereismoredynamic — 
in lightning than there is in our so-called misnamed | 
dynamic power. _ ia ; : 

Is it possible that such power exists? The use of a. 
potential gradient of 4500 volts per centimeter sub- 
stituted in established equations indicates it does. The 


value of 4500 volts per centimeter cannot be much in 


error because 4000 volts per centimeter has been 
measured. : | 

R. A. Millikan uses heavy discharges in the labora- 
tory to strip the outside electrons off the atoms of the 
first chemical group, leaving nothing but the helium 
nucleus. The proof of the condition of the atoms he 
finds in the ‘spectrum. Lightning with: its terrific 
power will do as much to the nitrogen atoms of the 
atmosphere. How much more will it do to the oxygen 
atoms? This speculation will be given a special 
significance later. _ : | 

Inghtning current of a standard electrostatic field 
may reach a million amperes r.m.s. or 1.45-million 
amperes peak value. 

Lightning currents have been measured by the mag- 
netization of pieces of basalt placed in the neighborhood 
of the bolt of lightning. In a few tests magnetic forces 
in the basalt were left which indicated currents as high - 
as 20,000 amperes. Elsewhere, by assuming the dura- 
tion of a lightning stroke to be 28 millionths of a second, 
Wilson was able to calculate as much as 140,000 | 
amperes. With these figures in mind it was startling 
to calculate that the standard thunder-cloud would give 
a current of a million amperes. This high current is 
calculated on the assumption that the resistance in the 
path of the stroke is not sufficient to prevent oscillation. 


What is the resistance of the path? How may we 
determine if the discharge is damped sufficiently to 
prevent oscillations? Measurements in our laboratory 
were made on the current of arcs ranging from 1000 
amperes to 34,000 amperes. The resistivity of the 
vapor (.0084 ohm per centimeter cube) derived from 
these tests was used to calculate the size, that is to say 
the diameter, of a streak of lightning which would just — 
give a resistance that would damp out oscillations. 
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The diameter of such a lightning discharge would be 


_ less than 14 inch (a centimeter in diameter). Whena 


discharge reaches a diameter of a foot, as apparently 
some of them do, the resistance in the path of the 
discharge must be less than 1/1000 the critical damping 
resistance. Thereby the conclusion is reached that 
lightning is oscillatory. Properly taken photographs 
of lightning will give the data to make the foregoing 
conclusions more convincing. — 

The lowest frequency that the discharge streak of a 
standard electrostatic field may have is, in round 
numbers, 50,000 cycles per second for a discharge a 
mile long (more accurately, 48,600 cycles per second). 
There is a special significance to frequencies of this 
order of magnitude. The natural frequencies of many 
transformer coils are of this order of magnitude. Res- 


-onance between the impressed and natural frequencie 


means destruction of insulation. 

There is no known reason why the standard lightning 
stroke cannot oscillate in segments and thereby exhibit 
a higher frequency. | eS 

It is well-known also that lightning discharges shorter 
than a mile take place which might give a higher funda- 
mental frequency than 50,000 cycles per second. 
Discharges three miles long have been photographed. 

Damping of the Oscillations. There are several 
factors of vital interest in the question, How is the 


_ lightning current damped? What sort of law does it 


follow from its peak current to its zero value? 
In an early paragraph the statement was made that 


lightning currents of 20,000 amperes peak value had — 


been measured by the magnetization of basalt. In a 
later paragraph the results of calculations gave a peak 
current in a standard lightning cloud of the order of 
magnitude of a million-and-a-half amperes. As mat- 
ters stand the experimental measurement has a firmer 
basis for truth than the theoretical calculations. In 
other words, every theoretical calculation must square 
itself with experimental measurements. An analysis 
of this difference between 20,000 amperes (measured) 
and 1,450,000 amperes (calculated) will show that both 
values may be correct even in the same lightning stroke. 
In order to measure the magnetic force of a lightning 
stroke F.-Pockels assumes necessarily that the dis- 
charge is non-oscillatory—that is to say, the discharge 
is a direct current which rises to a maximum value 
and immediately turns and decreases to zero. In 
order to bring these widely diverging values of 20,000 
and 1,450,000 into harmony it is necessary only to 


prove that the million amperes is the first alternation 


of an oscillation which continues to oscillate, magnetiz- 
ing and demagnetizing the basalt until the last oscilla- 
tion is reached. Then it is necessary to muster the 
factors which show that the lightning stroke does not 
follow the usual gradual disappearance of a current 


that takes place in our familiar discharges of condensers — 


through inductance and low resistance as measured 
in the laboratory. Fig. 2 shows this usual type of 
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decrease of current of oscillation to a very low value, 
In the familiar laboratory circuit the resistance has a 


nearly constant value. To be sure, in the lightning — 
stroke the resistance of the earth may, in some isolated 


cases, be high enough to predominate and cause quick 
damping of the oscillations, but where the earth conduc- 
tion is fairly good, most of the damping occurs in the 
resistance of the lightning streak itself. It is well- 


known that the resistance of an arc increases rapidly _ 
as the current in the are decreases. Therefore, the 


oscillations in a lightning discharge will decrease step 


Fig. 2 


by step in its peak value until the current arrives at 
some such value as 10,000 or 20,000 amperes, after 
which the resistance in the path of the stroke increases 
so rapidly that the oscillations are damped out and 
this last high value of current comes down to zero 


without overshooting in the other direction of current, 


as shown in Fig. 3. : : 
If this theory is correct the measurements of current 


_~made by Pockels were of the final alternation of the 


lightning stroke. The point at issue at present simply 


pid Million Amperes 


is that the million ampere theory must square itself 
with incontrovertible experimental measurements. 
Has this not been made possible in the above explana- 
tion? If so, the truth of oscillations of lightning is a 
little more firmly established and we can pass on to the 
next step. i 


TIME-RATE-OF-CHANGE OF LIGHTNING CURRENT IS OF 


THE ORDER OF 400-BILLION AMPERES PER SECOND 


At the offset to clarify the position of the rate-of- 
change of current, it should be noted that we have 
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with an important factor, namely the 
_>of-change of potential or potential gradient. But yi 
S otential gradient is a space change in the voltage; 
e] 4 the voltage per centimeter of altitude in the 
a ae There is another factor in the voltage 
ec namely the time-rate-of-change of voltage, 
_ This factor of time-rate-of-change of voltage 
‘ Ded out at present for clarification purposes only. 
7 Pier we may deal with the question of how long it takes 
lightning charge to bore its way through the atmos- 
sere from the cloud to the earth, or vice versa ac- 
‘ording to the authority. At present we are concerned 
th what takes place from the instant that the path is 
4 itially established in the hot streak to earth. The 
srrent must necessarily start from zero. It must rise 
according to some law, or combination of laws, to its 
4 oak value, possibly of the order of a million amperes. 
Tf the discharge is ‘‘standard” the current should rise to 
its peak value in about one two-hundred-thousandths 
A a second (.0000058 second). If, first, the tentative 
assumption is made that the current rises along a 
straight line from zero to one-million amperes, the 
rate-of-change of current will be two hundred and 
fifty billion (250 x 10°) amperes per second (1,450,000 
amperes divided by .0000058 second). 3 

‘If, more correctly, it is assumed that the rise of 
eurrent from zero to a peak value, instead of following 
a, straight line, follows the more usual familiar sine 
curve, then the rate-of-change of current will be 
sreater,—400-billion (400 x 10°) amperes per second. 
This is the result for a cloud a mile high, a mile in 
diameter, and discharging at a peak current of 1.45- 


million amperes. 


eady dealt 


EXPERIMENTAL CONFIRMATION OF RATE-OF-CHANGE 
4 OF LIGHTNING CURRENT 


By an entirely different angle of approach, quite 
independently of the calculation on the standard 
lightning stroke, a reasonable check on the above re- 
sults is obtained. In investigations of lightning on 
transmission lines my old associate, John A. Clay, 
Resident Manager and Engineer of the Western 
Colorado Power .Co., at Durango, Colorado, has given 
me data of a direct stroke from which I can make tenta- 
tive calculations of the rate-of-change of current. The 
details of this occurrence will be given in the A. I. E. E. 
JOURNAL at some later date. At present I am privi- 
ged to use the data for calculations. 

q A wooden pole has an iron ring around its top and a 
‘ 0. 6 iron wire passes down the pole from the iron 
“ng to the earth, ending in three widely spaced turns 
“tound the base. The pole was struck by lightning. 
= spite of the protection of the No. 6 wire in parallel 
With the wooden pole the potential induced along the 
Pole was sufficient to cause a discharge along the wood 
- @ parallel path to the protecting wire but on the 
“PPosite side of the pole. The discharge was severe 
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y in the unmade path of the advancing dis-_ 
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enough to strip off the sap-wood for nearly the full 
length of the pole. Although the assumption may not 
be absolutely rigid, it seems reasonable to assume that 
the high voltage from the top to the bottom of the 


-pole was due to a well-known law, namely the product 


of the inductance of the No. 6 wire on the pole and the 
rate-of-change of current. There are but three fac- 
tors: voltage drop, inductance, and rate-of-change of 
current. The approximate inductance of the vertical 


straight wire can be obtained by simple mathematical 


calculations. We are seeking for a value of the rate-of- _ 
change of current, therefore we shall perforce have to 
assume how much voltage was required to ionize a path 


In the wood and establish a discharge which split and 


cast off the surface of the pole. In choosing this voltage 
a. good deal of taste and discrimination may be used. 
However, the choice of voltage must be within a 
limited range set by the knowledge of spark potentials. 
Without attempting a thorough discussion, the first 
tentative assumptions will be two values: First, as the 
upper value, the corona voltage gradient not of 30,000 
volts per centimeter but 24,000 (corrected for an alti- 
tude of 6000 feet); and second, as the lower limit, the 
average voltage gradient for. a gap between points, 
4000 volts per centimeter. , ee 

Assuming 24,000 volts per centimeter fora pole 33 feet 
(1000 cm.) high gives the absolute upper limit of rate- 
of-change of current as 960-billion (960 x 10°) amperes 
per. second. Incidentally the instantaneous voltage 
from top to bottom of the pole might have been 24- 
million volts for the maximum possible value, but it is 
far from probable that the maximum value was reached. 

Of course, the splitting of the pole may take place 
gradually from end to end as might be done with an axe 
or other tool. In such a case it would seem that the 
electricity at the point of advancement has still a 
potential gradient of 24,000 volts per centimeter, but 
the average potential gradient from the top to the 
bottom of the pole may be something less. As a 
minimum it seems reasonable to assume the average 
potential gradient obtained by Hendricks for a fourteen- 
foot discharge between sharp points, namely 4000 volts 
per centimeter (corrected for altitude). . Using the 
average voltage gradient at 4000 volts per centimeter, 
the rate-of-change of current in the direct stroke to the 
pole must have had at least the minimum value of 160- 
billion (160 < 10°) amperes per second. Incidentally 
the absolute minimum voltage froné top to bottom of 
the pole is now set at 4-million volts. 

One of the joys of this speculative work is to attack 
an unknown factor from two independent standpoints 
and have the results agree. The gods occasionally 
supply sucha gift; itis unseemly to look into the matter 
too critically. . Yet perhaps some little devil of chance 
has falsely slipped the decimal point to make the two 
calculations agree. If later these results prove to be 
illusions it will only go to show that illusions in an 
engineer’s experience are naturally short-lived. 
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- CONSIDERATIONS OF THE RESULTS — 
As matters stand, calculations show that the rate-of- 


change of current in the lightning stroke to the rae : 


must have been between 160-billion and 960-billio 
amperes per second, according to which extreme of the 


_ potential gradient is chosen as able to split the pole. . 


The previously calculated standard electrostatic field 


gave a rate-of-change intermediate, namely 400-billion — 


amperes per second. This rate corresponds to an 


average gradient down the pole of 10,000 volts per 


‘centimeter. ‘Thereby the total voltage from the pole- 
top to ground would have been 10-million volts (10,000 
volts per.em. X 1000 cm. height). This remarkable 


agreement lends confidence to the earlier calculations 


of current of over a million amperes in the lightning 
_ stroke as reasonable and approximately correct. 
The Colorado thunder-cloud cannot have forced on 
it the dimensions of a standard electrostatic field one 
mile in diameter and one mile high without engendering 
valid objections. The static field of that stroke was 
what it was and’ nobody knows. It may have been 
exactly equal to the adopted standard. The real 
point is that it could not have been greatly different in 
its equivalence. | 
No one saw the stroke on the pole. Even if wit- 
nessed, the dimensions and height of the cloud would 
remain unknown. Therefore it would be impossible 


to use these factors to caleulate the current in the 


stroke and yet through the mathematical trick just 
employed it is learned that the current must have been 
of the order of magnitude of a million amperes. 

_ The simplest illustration of this result is to show what 
the current could not have been. For example, let 
it be assumed that the lightning current in the stroke 
was 10,000 amperes, the value we were given and 
believed in, for the average lightning stroke, during 
more than a decade past. . If this assumption is not 
true then its use in the equations will give unreasonable 
values. It does. The substitution of 10,000 amperes 
gives a frequency of the lightning stroke greater than 
six-million cycles per second,—a value quite impossible 
to accept. As a comparison, the frequency of 614 
million cycles corresponds to a quarter-wave length of 
line oscillations of 1200 centimeters,—a length equal to 
about the height of pole. This statement is only an 
analogy and does not prove anything. But the equa- 
tion says very definitely that if the six-million cycles 
per second for the lightning stroke is not acceptable 
there is an alternative, namely to increase the diameter 
of the cloud. But to bring the frequency of oscillation 
of the lightning streak down to the value of the stand- 
ard lightning stroke (43,600 cycles per second) and 
_ limit the current to 10,000 amperes would require an 
- enormous cloud 146 miles in» diameter—an absurd 
size for a thunder-cloud. Although the range of size 
of thunder-clouds is broad, nevertheless, there is a 
limit. to the latitude allowed in the choice of the dimen- 
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sions. As to altitude, clouds seldom form above three 
miles. Thunder-clouds are usually much lower. Ag 4 


to horizontal dimensions, the rain that falls during 


any brief time gives a rough estimate of the plan of the — 
cloud. The usual thunder-cloud is comparatively — 
small, a few miles across at most. Any result which — 
requires a thunder-cloud of reasonable dimension jg 
acceptable. To get reasonable results by the well. — 
established equations demands a lightning current of — 


the order of a million amperes. | 3 


SUMMARY OF THE FACTORS 


1. The maximum value that the average voltage 7 
gradient between cloud and earth may have is probably | 


about 4500 volts per centimeter. 


2. The maximum voltage of a thunder-cloud a mile | 


high would therefore be about 700-million volts. | 


3. The current of a lightning stroke from a cloud a | 
mile high has an r.m.s. value of about one-million 


amperes. 


4. The lowest frequency of a lightning stroke a mile 
(161,000 cm. or 1.6 km.) long is about 50-thousand — 
cycles per second. Strokes of greater or less length © 
do not vary in frequency inversely as the length,—as — 


in transmission circuits, but otherwise. 


5. The energy in the electrostatic field is 700 kilo- 3 
watt hours. 3 


6. The power of the stroke is 860-billion kilowatts. 

7. The rate-of-change of current in a lightning 
stroke is of the order of 400-billion (400 10°) amperes 
per second. | | 

8. The damping resistance decreases as the area of 


cross-section of the vivid streak increases. It is only — 


the very thin discharges or discharges having high 


earth resistance that do not oscillate. If we can properly 
interpret our photographs of lightning strokes the 


diameter of the discharges.in. general is large enough 
to permit free oscillations. 
to produce data indicating that although lightning has 


an oscillation it may not have a fixed frequency evén — 


during the oscillations of a stroke. 


CONCLUSIONS — 


The most pertinent questions are: What facts have 
been used and what assumptions have been made? 

Some of the experimental facts used are: 

1. The average potential gradient to produce a dis- 
charge in the normal atmosphere is about 4500 volts 
per centimeter. This gradient multiplied by the 
height of thunder-cloud gives the potential of the cloud. 


2. The specific resistance (.008 ohm per centimeter 


cube) of arc vapors has been measured in the laboratory 
with currents up to 30,000 amperes. be 
Mathematical factors: | 
3. Very low specific resistance is proof: positive 
that the resistance of the vivid streak is negligible 


initially and therefore that a simple equation may be 
(Continued on p. 123) 


Té will be left until aterm 
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4 os of the Subject.—A great many uncoordinated re- 
Revie 


‘¢ 2 and observations have been made of lightning on trans- 
‘Ss rines both in the field andinthelaboratory. Itis the purpose 
ission lin io coordinate this work with a view of determining the 
hi Eel and order of magnitude of predatory voltages to 
ious Ne ission lines are subject. No claim is made for exact 
ich “Gs it were possible to obtain such results, they could apply 
ee ecific cases. A knowledge of the general types of disturb- 
hie their order of magnitude should be of great value in deter- 
aces 


nint R ° e : 
4 sparatus can be provided against in a number of ways, for 
ap : 7 


___—s-VoiTaGE oF A LIGHTNING FLASH 


. 


I HERE has always been speculation as to the volt- 
| : age of a lightning stroke, and various estimates 
= have been made in more or less complicated or in- 
rect ways. Recent laboratory tests have shown that 
» to about 2,000,000 volts maximum, 150,000 volts is 
equired for every foot of spark.’ If this rule held for 
reat distances, the voltage of lightning could be 
falculated, since the length of the lightning flash 
is well as the height of cloud, etc.,can beestimated. It 
nad been generally concluded, however, that the volt- 
wwe of the stroke was very much less than would be 
ndicated by the length of the flash, or that when the 
lash-over started, it in some way continued to great 
listances at relatively low voltages. 

In a lecture before the Franklin Institute the author 
escribed an experiment which seems to offer an almost 
irect means of measuring lightning voltages.2 The 
heans is quite simple. When a lightning flash occurs 
within a certain distance of a transmission line, a certain 
ercentage of the voltage of the bolt is induced on the 
ne. The voltage of the bolt cannot be measured, but 
iS distance from the line and height of cloud can be 
Stimated. The actual voltage induced on the line can 
€ measured by gaps or estimated from insulator flash- 
vers. The author has measured lightning voltages on 
Zansmission lines in Colorado as high as 500,000; 


Ndicated voltages as high as 1,500,000 or more. 

“4 model was made to scale representing cloud and 
“2Msmission line for a certain observed condition. By 
~~ nS of the lightning generator it was found that when 
#tlash occurred from this model cloud 1 per cent of its 
Oltage was induced on the model line. But we know 
ya. \: W. Peek, Jr., Tests at 1,000,000 Volts, Electrical World 
—cember 31, 1921. 


ee We. P eek, Jr., High-Voltage Phenomena, Journal 
Tanklin Institute, Jan. 1924, 


ported at the Pacific Coast Convention, Pasadena, Cal., 
lober 13-17, 1924. | | 


ng the best means of providing against them. Failures. 


Transients on Transmission 
Lines _ me | 
BY F. W. PEEK, Jr. 


r Member, A. I, E. E. y 
General Electric Co., Pittsfield, Mass. 


instance, by excessive insulation; by less insulation but a design to 
prevent local high stresses; by prevention of high lightning voltages 
by placing the line under ground; by greatly limiting the possible 
voltage by a ground wire; by limiting the time of application of the 
high voltage by arresters; or by combinations of theabove. Obviously, 
the matter of design and economics is also of importance in con- 
sidering the problem of protection. 
_ The technical part of the discussion will not be limited to cloud 
lightning, but will cover other disturbances. 

Recent work of the author with his lightning ge,erator and model 
transmission lines with and without ground wire will be included. 


“ 


by observation that the voltage induced on an actual 
line, under similar conditions, is sometimes of the order - 
of 1,000,000. If this is 1 per cent of the voltage of an 


actual lightning flash, the voltage of the flash must be 


100,000,000volts. (SeeFig.1). This gives a voltage of 


100,000 per every foot of spark, (330 kv/m.) which, 


Msulator flashovers by lightning have occasionally - 


considering the possible error, indicates that the needle 
gap spark curve may hold even at these extreme volt- 
ages. While the field produced by the charge is fairly 
uniform, it is probable that at the instant before spark- 
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Fic. 1—MEASURING THE VOLTAGE OF LIGHTNING 


Model Lineto Scalefrom 
Actual Line. Lightning 
Voltage and Induced Volt- 
age Measured. Therefore 
Per Centof Lightning Volt- 
age Induced on Line - is 
Known. ok 


Measured or Estimated Height of Cloud. 
Distance to and Length of Flash. Voltage 
Induced on Line. Lightning Voltage not 
Measured. 

Lightning Voltage Determined from V; and 
Known Percentage Induced: on Line from 
Model 
oy v1 

Vi 


Vi = —-V;z 
Ve D2 
over a needle-like streamer forms and breakdown then 
corresponds to the needle gap distance.. Needle gap 
spark-over requires less than 20 per cent of the 30 kv./ 
em. required for a uniform field. The sparking distance 
should usually correspond to a continuous voltage be- 
cause there is generally no large transient until after the 
spark starts. 

It thus appears by approximately direct measurement 
that the order of voltage of a severe lightning stroke to 
ground may be about 100,000,000. The lightning 
voltage during a storm will, of course, vary over a very 
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wide range, sometimes much higher but generally lower 
than the value above. The author has observed that 
during a severe thunderstorm there may be many in- 
duced strokes at very low voltages, a less number at 
moderate voltages and so on to very few at the extreme 
voltages. 3 ue 

It will be noted that the above conditions require a 
gradient of 100 kv./ft. (830 kv./m.) in the most dense 
part of the dielectric field where the flash occurs, and a 


Fic. 2—‘‘CLoup’” AssuMED FOR CALCULATION OF WAVES 
SHOWN IN Fig. 3 


gradient of less than half of this value a short distance 
from the flash. (See Fig. 4.) ) 

Norinder has recently measured voltage gradients 
during a lightning storm which confirm the values given 
above.? To quote from his article in the Electrical | 
World—“‘‘field intensities of the order of 100 kv. to 150 
kv. per meter (80 to 45 kv./ft.) are common during: 
thunderstorms at about theheight of an ordinary trans- 

mission line. Pressures of 200 kv. per meter (60 kv. / 
ft.) have also been recorded. A close study of the 
records shows that in the regions near the lightning path 
field intensities of the order of 300 kv. to 400 kv. per 
meter (90 to 120 per ft.) may exist.” De Blois ob- 
served corona brushes of considerable dimensions. This 
also is an indication of gradients of the above order. | 


NATURE OF A LIGHTNING DISCHARGE . 


The experimental evidence seems to show that for the 
most part lightning discharges are impulses of very steep 
wave front, although some discharges are of impulses 
of slanting wave front and some are oscillatory. Oscil- 
lographic measurements made by De Blois on discharges 
from antennas showed that 60 per cent of the discharges 
were of steep wave front.* Similar studies recently 
-made by Norinder indicate impulses of slanting wave 
front. However, it is not possible to tell from oscillo- 
graphic records just how steep such waves are because 
of the relative slowness of the apparatus in responding. 

Other observations, however, indicate the order of the 
steepness of the wave front. When an impulse voltage 
is measured by a needle-gap and asphere-gap, the sphere 
indicates approximately . the true value of the voltage 
3. H. Norinder, Electric Thunderstorm Field Researches, 
Electrical World, Feb. 2, 1924. 
4. L.A. DeBlois, Some Investigations on Lightning Pro- 


tection of Buildings, Trans. A. I. E. E., Vol. XX XIII, Pt. I 
p. 519, 1914. 
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while the needle indicates a much lower value.’ The 
ratio of these voltages indicates the steepness of the — 
wave front. From observations on transmission lineg © 
the author has found impulses corresponding to single 
half cycle of 200-kv. sine waves and also impulses of { 
very much greater steepness with an impulse ratio of © 


two. 


It is of interest to make certain assumptions as to 
size of cloud and length of discharge and calculate the : 
wave to see if the above observations seem reasonable, — 
Although such a check is quite rough, it should give 1 
good indications as to whether steep wave front im- j 


pulses are likely to occur. ; | 


_ Assume that a cloud 1000 ft. (805 m.) square dnd — 
1000 ft. (805 m.) high, uniformly charged, discharges to 
(See Fig. 2). The capacity of such a cloud is — 
approximately 27 <x 10-" farads and the inductance of _ 
the path is 0.000488 henrys. If the resistance of the — 
discharge path is 1000 ohms, the discharge is an impulse 

and non-oscillatory. The time is conveniently meas. — 
| See Fig. 8, which is quite. in 7 
Fig. 3 also shows that — 
the wave is practically an impulse with a resistance of 4 
900 ohms for the discharge path, and that it isa damped — 
oscillation for 100 ohms resistance. It is certain that 


earth. 


ured in microseconds. 
agreement with observations. 
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Fig. 3—TRANSIENTS FoR “Cioup’ DiscHarcE To EARTH — 


(Ser Fig. 2) 


C = 27 x« 10-3 Microfarads 
L =0.488 x 10-3 Henrys 


the cloud condenser is not as simple as the example 


taken and the probabilities are that there are local 


flashes in the cloud before the final flash occurs. 

At 100,000,000 volts the maximum current would be 
78,000 amperes. The stored energy would be 13,500 
kw/sec. . | | 


5. EF. W. Peek, Jr., The Effect of Transient Voltages on 
Dielectrics, A. I. E. BE. XXXIV, p. 1857, 1915; Lightning, 
G. E. Review, July 1916. 7 
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5 LIGHTNING ON TRANSMISSION LINES | 
a A lightning disturbances on transmission lines 
© tar electrostatic induction and not by direct 
e- by © harged cloud causes an electrostatic field 
a Ah % St of the field will terminate on a trans- 
=. line within its area. The line is said to have a 
ie harge.” If the voltage between earth and 
; mes high enough, a lightning flash will occur. 
4 Be on the line is released and the insulated line 
wreases from earth | v 
arity opposite to thatof the cloud. The effect 1s of 
Foltage suddenly applied between line and ground. 
@ field that extended between line and cloud now 
Ponds between line and ground. The voltage wave 
avels over the line at the velocity of light. If the line 
: sylators are strong enough or have a high enough 
spulse ratio, the impulse may travel to the powerhouse 
preak down apparatus or to be harmlessly discharged 
21 ‘ound over the arrester if it has low resistance and 


he line, it becomes gradually dissipated by losses. The 
itage that the line.assumes at the instant of discharge 
that of the equipotential surface at the point in which 
he line is located. This is a certain percentage of the 
tential of the cloud above earth, or, in fact, a certain 
ercentage of the voltage of the lightning bolt. In 
udies in Colorado, as already stated, the author has 
ctus lly measured induced lightning voltages on trans- 
ssion lines as high as 500,000 volts. Insulator flash- 
vers have occurred that indicate induced voltages as 
gh as 1,500,000 volts, although the greater percentage 


lower than this.’ These figures as already shown afford 


Lightning Voltage vs. Height of Line. Fig. 4 shows the 
nes of force from.a charged cloud. Transmission lines 


nd others some distance away. It will be noted that 
t the line under the cloud the gradient is 100 kv/ft. 
30 kv/m.) but that it is much less a short distance 
way. The gradient is high immediately under the 
oud. It will also be noticed that the voltage for any 
€ will vary approximately as the height of the line 
ecause the field over the relatively short distances 
approximately uniform. No attempt. is made, 
Ecause of the scale, to show the flux terminating 
bon the line. When a discharge takes place from cloud 
‘stound, the line takes the potential of the equipo- 
Mual surface in which it islocated. The induced light- 
ng voltage on a transmission line thus varies approxi- 
ately as the height of the line. It is also approxi- 
ately equal to the height of the line times the voltage 
acient. Note that the voltage decreases very rapidly 
) 2) creasing distance from the cloud. | 

amsmission Line. It was shown above that the maxi- 
~' Possible voltage gradient during a lightning storm 


flash may be a mile away from the line, © 


potential to some value above with 


w impulse ratio. As this lightning wave travels over. 


_voltages induced on transmission lines are very much 


means of estimating the voltage of a lightning flash. — 


equal height are shown, one right under the cloud — 


Maximum Possible Induced Lightning Voltage on a 
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was about 100 kv./ft. (880 kv./m.). This gradient 
would determine the voltage induced on the line if 
it were directly under a cloud charged to a voltage suffi-- 
cient to discharge it to earth or to the line. Generally © 
this condition will exist only in cases of direct stroke 
and gradients for very severe storms will be of the order 


of 50 kv./ft. (165 kv./m.} while for the majority of 


storms, gradients will be much lower than this. Low 
gradients will also exist for cloud to cloud discharges, 
which are generally in the majority. 7 

It is of interest to tabulate height of tower vs. theoret- 
ical maximum voltage at values for very severe storms. 
The voltages in Table I were found by multiplying the 
height of tower by the gradient caused by the cloud. | 
In the second column, the maximum voltage was found | 
by using a gradient of 100 kv /ft. As previously stated, 
this is the gradient necessary to cause the lightning 
flash, and can only apply to the line when it is directly 
under the storm center. The voltages in the third 
column were found by using a gradient of 50 kv/ft. 
Such a gradient occurs when the line is about 1000 ft. 
from the storm center. It is a severe condition and 
does not usually occur. In column 4, a gradient of 
100 kv/ft. was used, while a gradient of 50 kv/{t. was 
used in columns 5 and 6. All these conditions are 
severe and unusual. The voltages are for the instant 
that the flash occurs, and before possible insulator 
arc-overs can take place. These figures are, of course, 
not exact, but probably give the order of the voltage 
that might occur on a badly exposed line in a very 
severe storm directly over the line. Data obtained in 
Colorado for 24 miles of a badly exposed line on a high 
mountain ridge showed only one or two direct strokes. 
in a season of fifty severe storms. Of the many 
lightning impulses induced on the line very few ex- 
ceeded 50 kv. during a storm. : 
3 Referring to Table I, note that the ground wire 
practically cuts the voltage values in half. The ground 


-wire will be very completely considered in a later section. 


The lightning spark-over voltages for insulators and 
bushings are given in the last column.® It will be noted 
that a 220-kv. line is generally free from. lightning 
voltages high enough to cause insulator flashovers. 
Propagation of Lightning on Transmission Lines. A 
laboratory study was made of the propagation of light- 
ning on transmission lines.” These tests show that the — 
voltage decreases in value and becomes less steep as the 
lightning impulse travels along a line. On striking an 
end, it increases in voltage and steepness of wave front 
as it. is reflected... When an impulse strikes an in- 
ductance or choke coil, part is reflected but the voltage 
on the far side may increase to several times the in- 


6. F. W. Peek, Jr. The Effect of Transient Voltages, 


‘A. LE. E., Vol. XXXIV, p. 1857, The Insulation of High Voltage 


Transmission Lines, G. EZ. Review, Feb. 1922. High Voltage 
Power Transmission, A. 8. C. E. Vol. LXX XVI, p. 725. 

7. F. W. Peek, Jr., The Effect of Transient Voltages—III, - 
Trans. A. I. KE. E., p. 940, June 1923. 
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TABLE I 
LIGHTNING VOLTAGES ON TRANSMISSION LINES 


No Ground Wire Ground 


‘he 3 
% 
we 


Wire Lightning Flash-over Voltage of Line 


LSA 0 feign ony egt = , ene P ta S87 BY ME OR et ees ou entation Beara Pane ee 
Height Probably Direct Stroke | Usual Highest | Usual Highest 

of Theoretical Usual to Ground Wire! (One Ground | (Three Ground 200 Ky 154 Kv 110 Kv. 

Tower Ft. Highest Highest (One Wire) Wire) Wire) Line Line Line °, 

ee REE Ee AR (ES PR ee 

75 7500 3750 3750 1875 900 a) : ae 
50 5000 2500 2500 1250 625 1800 ‘ Ce. 
40 4000 2000 2000 1000 500 1800 1400 900 
30 3000 1500 1500 750 375 1800 1400 900 
20 { 2000 1000 1000 500 250. ou st on 


For a grounded line, the voltage above ground just before the discharze would be zero. For an isolated system the line would not assume the above 


voltage before the discharge as there would be leakage over the insulators and arresters and much ‘‘static.’’ 


static voltage by the section of the line not under the clouds. 


-_<— 
-— TS 
=- 
oa ~~. 
- ~ 


ae ae a a Sw ay 
- ~ 
- ~ 


-_-———.~ 
- ~ 
- ~ 
~ 
- < 
—a oe on 
— =~ 
ad 


Way 1 \ i) 


. g=319Kv. g=12.4 Kv. 


g= 100 = 3.6 Kv. 
per ft. per ft. per ft. per ft. 
2 = = 2. 
= = = = 
= aN ae “a! 
Distance from point Voltage induced on a 
directly beneath cloud g. line twenty ft. high 
O 100 kv. ft. 2000 kv. 
O 3 SLOG oe. 638 “ 
¥% ut, 132 4 248 “ 
bis BG) <4 pak 
Ae al 0.9 “ 183 “ 


Cloud 1,000 ft. above earth and at a potential of 100,000,000 volts. 


Fig. 4—Eurecrric Firtp AND PoTENTIALS IN SPACE CAUSED BY 
CHARGED CLOUD 


coming wave. This is not the case if the choke coil is 
shunted by resistance. A large choke coil without 
resistance may be a source of danger. 

The corona loss in a line helps to lower the voltage of 
the wave. This was noted by measuring the voltage as 
the wave traveled along the line. 

High Frequency and Oscillations Due to Secondary 
Discharge, Switching. and Arcing Grounds. When an 
insulator is arced-over or a break occurs to ground, an 
oscillation takes place. In 1907 and 1908 the author 
conducted some tests in the mountains of Colorado for 
E. E. F. Creighton and J. A. Clay. A 24-mile idle line 
was available. The lightning was permitted to dis- 
charge to ground through a large gap in series with a 
small auxiliary gap ina dark box. A rapidly revolving 
photographic film on a steel disk recorded the discharge. 
Many of these discharges were photographed. In all 


8. E. E. F. Creighton, Measurements of Lightning, TRANS. 
A. I. E. E.,-Vol. XXVII, p. 669, 1908. 
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There would also be a reduction of the 


) 
{ 


cases, following the first impulse, a very highly damped - 


oscillation took place at the natural period of the line or 


about 1900 cycles. Fig. 5 givesan example of one of the. — 
many records taken. A few of the records are given in — 
‘Table II. | | 


. TABLE II 
DURATION AND FREQUENCY OF A LIGHTNING 
DISCHARGE FROM A TRANSMISSION LINE 
(‘High Line’’ 24 mi, Long) 


Gap 
Setting 
Voltage to 
Film Half Duration Ground Fuse 
No Oscillations} Seconds | Frequency Ky. Blown 
la 12 ff 0.0031 1930 20 
1b 6 0.0018 1660 20 
2a 8.5 0.0022 1930 20 
2h 8.5 0.0025 1700 20 Multiple 
6.5- 0.0017 1880 Stroke , 
2c 4.5 0.0013 1730 20 - : 
2d 5 0.0016 1560 20 Multiple 
4.5 0.0014 1600 Stroke 
2e 5 0.0017 1470 20 
2f 6 0.0017 1800 20 
2g 6.5 0.0019 1700 20 
3a 10 0.0031 1600 20 1 strand 
0.0036 
3b 9 0.0029 1550 20 Multiple 
6 O 0026 1500 stroke © 
4a 1 0.0002 2000 35 1 strand 
0.0036 — 
4b 1 0.0002 2000 35 5; 
4c 1 0.0002 2000 35 
4d 1 0.0002 2000 35 
4e 1 0.0002 2000 35 
4f 1 0.0002 2000 35 
5a - 8 0.0020 2000 20 
5b 7 0.0019 1840 20 
5c 11 0.0026 2100 20 1 strand 
0.005 broken 
5d TOS 0.0020 1850 20 


The duration values given in Table II are a measure 
of the duration of the secondary oscillations and not of 
the lightning stroke. The ‘duration’? measurements 
by De Blois are of the same order 0.006 seconds, while 
measurements by Norinder are of the order of 0.05 
seconds. This instrument did not record the first. 
impulse but the oscillation following the arc-over. 
Other observations indicate that in general there is the 
very steep impulse, followed, when breakdown occurs, 
by a highly damped oscillatory discharge of the line at 
its natural period. This oscillation is of comparatively 
low frequency. Wee 


cm 


=~ aad 


cP 1924 


ae 
4 


ae A delta system, oscillations occur. As far as 
nae 


so observed, these oscillations are damped and have 
‘a t of lightning impulses. They rarely reach 
ef it age on a transmission line but may reach 
Lor values when confined by inductance coils and 
a puild up high local voltages in transformers. 
Fo gh large numbers of tests have been made by 
aducing ares on power systems, undamped oscillations 
F not been observed. Fortunately, the severe oscil- 
0) A produced by arcs on non-grounded systems are 
sappeari g with the adoption of the grounded neutral 
aa With the grounded neutral systems the oscil- 
| i is of arcing grounds are no longer a problem. 


a 
“gi 


'g impulses or damped oscillations. 

“The reason that oscillations are highly damped seems 
Hparent. Corona loss increases as the square of the 
cess voltage above the starting voltage and directly 


fig. 5—Licutninc DiscHarce FROM TRANSMISSION LINE 
; PHOTOGRAPHED ON REVOLVING FILM | 


¥ 


is the frequency. A simple calculation shows that it 
would require thousands of kilowatts at high frequency 
0 supply the high-frequency loss on a comparatively 
short line at voltages considerably below the high- 


nermore, with arcs to ground or between lines the oscil- 
ations could not be isolated to short sections of a line. 
this also applies to damped oscillations of high train 
frequency. 3 

“High-frequency low-voltage undamped oscillations 
4n exist and do exist locally on transmission lines. 
uch oscillations have been observed at towers where 
mere were incipient arcs due to loose connections on the 
nsulators or to faulty units in a string. The energy of 
t ch oscillations is necessarily low, since it is caused by 
_¥ G. Faccioli, Electric Line Oscillations, Trans. A. I. E. E., 
. % XXX, p. 337, 1911. W.W. Lewis, Switching Operations, 
oly z. Review, Oct. 1913. F. E. Terman, Measurement of 
| “Usients, Trans. A. I. E. E., Vol. XLII, p. 462, 1923. 


| 
1 


i 


an arcing ground, especially on a non- | 


Disturbances due to switching are of the same nature 


requency flashover voltage of a line insulator. Fur-— 
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the discharge of the very small capacity of the insulator. 
Probably the principal harm that these oscillations can 
cause is disturbances in carrier current systems. 

A full size 220-kv. tower with insulators with and 
without grading rings was set up in the laboratory to 
try to obtain high-frequency voltages by arcs. The 


_ short section of line was excited at 60 cycles. To.simu- 


late a line, the high-voltage condensers from the im- 


pulse generator were inserted between the short line 
and ground. The dampening of such an arrangement 


should be much less than on a transmission line of 
similar capacity. In considering available energy it 
must be remembered that breakdown is caused by 
voltage. A large condenser with low losses in a short 
line can maintain the voltage more readily than the 
capacity of a long leaky line. Arcs made on the con- 
densers failed to cause the insulators to arc-over. 
Loose contacts were made on insulator strings and 
varied to cause incipient arcs as well as arcs of con- 
siderable length. There was no measurable increase in 
voltage. A frequency meter showed a frequency of 
about four million cycles and very low voltage for local 
insulator ares. Corona discharges five feet in diameter 
at a million volts failed to cause any measurable increase | 
in voltage. Arc-over at normal voltage was readily 
caused by dirt. 


TABLE III 
ACTUAL DIMENSIONS OF MODEL LINES 
5 ft. by 7% ft. (152 cm. by 229 cm.) Horizontal 
plate with rounded edges 


Height of Cloud above Ground: 43% in. (112 cm.) unless otherwise 
stated 


Dimension of Cloud: 


Height of Line 


Size of Conductor Spacing 
Diameter 
0.040 in. (0.102 cm.) 
0.020 in. (0.051 cm.) 
0.010 in. (0.025 cm.) 
0.005 in. (0.012 cm.) 


3 in. (7.6 cm.) 
1% in. (3.8 cm.) 
34 in. (1.9 cm.; 
34 in. (0.9 cm.) 


6 
3 in. ( 7.6 cm.) 
1% in. (3.9 cm.) 


Ground Wire: Same size as line wire and, unless otherwise stated, 
conductor ‘spacing from nearest conductor. 

Lightning Generator Constants: Resistance 5000 ohnis. 
x 10-3 mf. L = 2.88 x 10-? mh. 


Cap = 1.31 


It is, of course, possible to apply persistent oscilla- 
tions or damped oscillations of high train frequency to a 
short section of transmission line by means of a power- 
ful oscillator. The effects of such voltages are quite 
characteristic and unlike anything that has been ob- 
served ona practical line. (See page 708). Insulators 
are not punctured and shattered, but cracked by ex- 
cessive heating. At some sharp point on the line large — 
corona losses cause great hot streamers. The ioniza- 
tion persists from cycle to cycle or train to train. If 
this point is removed or covered with porcelain, a simi- 
lar are starts at some other place where the gradient is 


high. These hot streamers or “electric needles” cause 


are-over at about half of 60-cycle arc-over voltage.” 
To produce the thermal effect and to reduce theinsulator 


10. F. W. Peek, Jr., Dielectric Phenomena in High Voltage 
Engineering, McGraw-Hill. 
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flashover voltage, the oscillations must persist for a 
relatively long time. Although high-voltage persistent 
oscillations or oscillations of high train frequency do not 
occur on transmission lines, they are of interest in an 
academic way and make a spectacular demonstration. 


The arc-over voltage is always higher for the types of 
oscillatory voltages that occur on transmission lines 
than it is for 60-cycle voltages. 


Oscillation may cause high local internal voltages to 
build up in transformers.!! 


THE GROUND WIRE 


Quite an extensive laboratory study has been made 
on the protective value of the ground wire. This in- 
vestigation was made on a model in which size of con- 
ductor, conductor spacing, height of line, etc., were all 
reduced to scale.” The results show quite conclusively 
that under favorable conditions the ground wire offers 
a very high degree of protection for both induced and 
direct strokes. Under such conditions and practical 
conductor arrangements it is possible to reduce induced © 
lightning voltages to one-third of the value of those 
induced on unprotected lines. Under these conditions 
the ground wire also offers almost complete protection 
against direct strokes. When it is possible to obtain 
the value of protection mentioned above, the higher 
voltage lines will be practically immune from insulator 
flashovers due to lightning. 


Some very interesting theoretical studies of the 
ground wire have been made." Methods of making the 
_ calculations are also found in text books.'* In general, 

the experimental work checks the theoretical work. 
There have been many conflicting reports from opera- 
ting companies as to the protective value of the ground 
wire. Probably approximately half of the reports are 
in favor and half against the ground wire. The reason 
for this seems to be apparent from this investigation. 
The ground wire gives the high value of protection 
mentioned if the ground is good and the reactance of the 
ground connection islow. Ina dry country, with poor 
grounds, its protective value against induced strokes 
would be low. On the other hand, in a damp country 
its protective value should be high. Its protective 
value would be low if grounds were made infrequently, 
since there would then be a considerable length of wire 
or reactance between the ground wire and the ground 
connection. 


Complete data are given in the tables for the various 


11. J. Murray Weed, Prevention of Transients in Windings, 
A. I. E.E.,Sept. 1915, Feb. 1922. L.F. Blume and A. Boyajian, 
Abnormal Voltages in Transformers, Trans. A. I.E. K., Feb. 1919. 

12. F. W. Peek, Jr., High Voltage Phenomena, Franklin 
Institute, Jan. 1924. ie ee 

13. W. Peterson, The Protective Value of the Ground Wire, 
E. T. Z., Jan. 1914. E. E. F. Creighton, Theory of Ground 
Wires, Trans. A. I. E. E. 1916, p. 948. 

14. E. J. Berg, Electrical Engineering, Advanced Course, 
McGraw-Hill. . 
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factors affecting the ground wire. These will be ‘dis 
cussed in detail. | BY ‘a 

Induced Strokes. The arrangement for studying — 
induced strokes on transmission lines is shown in Fig. 6, 
The plate represents the position of the cloud which — 
causes a steady electrostatic field to ground in the 
vicinity of the transmission line. The complete cloud : 
includes the condenser of the lightning generator. This 
field is in reality a 60-cycle a-c. field but at the instant — 


3 Cloud P ) : ai 
Ro Resistance of a 
3 Lightning Path . = 


Fig. 6—Connections Usep 1n Stupyine INpucED VoLTAGEs a 
ON TRANSMISSION LINES — 1 


of discharge of the clouds to earth is in effe€t a steady — 
field. Due to this field, all points in the intervening — 
space have a definite potential. The space in the vi- © 
cinity of the line has a certain percentage of the light- — 
ning potential above earth. When the condensers dis- — 
charge, the charge on the transmission line is released — 
and the line assumes the potential of the equi-potential — 
surface in which it is located. Seé Fig.4. The voltage — 
of the cloud P and of the transmission line can be ac- 


Fig. 7—Stupy or VouitacEe INDUCED UPON 'FRANSMISSION 
Lines. ILLUustRATION SHOWS OVERHEAD CLOUD AND A SECTION 
(TO SCALE) OF ONE OF THE LINES STUDIED DuriInG THE IN- 
VESTIGATION i 


curately measured; the voltage of the cloud to ground 
by spheres and the voltage of the lines to ground by: — 
small needle-gaps mounted to give minimum capacity. 
The ratio of the conductor diameter to spacing, etc. 
was selected to correspond to practical conditions. 
Tests were made with the transmission line grounded 
through high resistance to represent the grounded 
neutral system and also without grounds. The results 


0’ actically the same. 


a and 8. : 
ie ee of cloud is not important. It can 
aie ee own mathematically that since the field is 
| :. “yniform between the line and earth the in- 
3 E aces depend only on the voltage gradient in 
ft of the field. A given voltage gradient may be 
B by a high cloud and high-cloud voltage or a low 
ia ‘th low-cloud voltage. Any condition may thus 


: ulated by a fixed cloud distance and varying 
108 at Ss 


yg 


The model cloud and line 


= 


arc. 8—SuorT SECTION OF A THREE-PHASE LINE WITH OVER- 
pAD GRotND WirE Upon Wuicu A Stupy was Maps or In- 
ED VOLTAGES OF LIGHTNING. ILLUSTRATION SHOWS ONE 


? THE “TOWERS” AND ONE OF THE SPARK-GAPS USED TO 
ApASURE VOLTAGE AT THIS POINT 


* 
yg 


5 TABLE IV 
} PROTECTIVE VALUE OF THE GROUND WIRE 


id ced Voltages on Transmission Lines With and Without Ground Wire 
Line by Scale 30 ft. (9.1M) Conductors Spaced 7.5 ft. (2.3 m.) 
3 Size 1.2 in. (3 cm.) Lightning Voltages 372 Kv. 


ee 


: of Ground Wire 
Per Cent of 


Voltage with 
Scale Lightning Ground Wire 
Distance Voltage = |_——____ 
§ to Cloud |Induced|} Induced | Voltage without 
f ‘trangement above Line | Voltage | on Line Ground Wire 
NOground wire ([216ft.( 66m.)| 33 Q 
; 000 
round wire 
abovecenter o |216ft.( 66m.)| 14.7 4 0.43 
ine 000 
bhree ground | ' 
\ res.above ooo 216ft.( 66m.) 8.7 2.3 0.26 
me 8 8=FS i000 
——————— 
‘© ground wiré 
; O 0.0/864ft. (264m.) 8.0 2.1 
+h ee < Hs ——EEeEeEEEe 
Tound wire 
me? center o |864ft.(264m.)|- 3.4. 0.9 0.43 
ee ooo] | 
~8round Wire Irregular 
4 00:0 Field 6.3 1.70 
irg . : 
“Und wire o ‘ 3.3 0.9 0.52 
J COO} 


Protective Ratio 
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TABLE V 
EFFECT OF GROUND WIRE ARRANGEMENT 


Voltage induced 
Height of Line on Line 
Arrangement Actual Actual Protec- 
of of To tive 
Model To Scale 


Model! Scale | Ratio 


No ground wire 
0<S->0<5S->0 |6in. (15.3cm.)|30 ft. (9.2 m.)| 29.8 1788 

One ground wire...| “ wae é 14.3 858 | 0.48 
dist; ‘‘S’’ above 
center wire. 


000 


Two greund wires..| “ ie 


# . 10.2 612 | 0.34 


000 


Three ground wires.| “ z 


000 


One line wire...... os ‘ s 7 102 | 0.06 
4 ground wires ; 


“ “ 


] “ “ 
qi kKOG 


One line wire 
3 ground wires..... < 


. Oo . 
One ground wire 
_ 8/2 above center 


‘ . 12.9 774 0.43 


One ground wire 
2S above center 


Four ground wires.. 


rs) 


DEY (| 0.09 
.SOSOSOS. fs fis a e PINE 0.09 
Ss PRAT 0.09 

Three ground wires. 
a , A7.2 0.24 
ABC B4.2 0.14 
-ooo. ff ; $ b C7.2 0.24 
Three ground wires. lise 0.24 
.- 000. ¥: " 4 - 5.2 0.18 
THD 0.24 


$s = 144 in. 


By reducing the line spacing, size of conductor and 
height to scale, the capacity and inductance per unit - 
length remain practically the same as for the full size 
line. The only factor that does not correspond is the 
resistance. It is relatively higher. However, it is not 
believed that this materially affects the results. It 
might also be well to point out that with equal voltage 
gradients the induced voltage will be much lower in the 
model than on an actual line. This follows because 
the voltage is approximately equal to the height of line 
times the gradient. 

The length of the artificial cloud has no particular 
meaning except that it is long enough to produce a 
practically uniform field. © | } 

It will be noted from Table IV that the protective 
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value of the ground wire is quite high and the same for 
_all cloud heights as theory would indicate. With one 
ground wire the voltage is practically cut in half. This 
also conforms with theory. The last column in Table 
IV is called the protective ratio. <A ratio of 0.43 means 
that the induced voltage on the line with a ground wire 
is 0.43 of that on a line without a ground wire. 

Ground Wire Arrangement. Table V shows the effect 
of various ground wire arrangements in limiting the 
lightning voltage. This table gives sufficient data to 
estimate the value of any practical arrangement. 


TABLE VI 
COMPARISON OF INDUCED LIGHTNING VOLTAGES ON 


Height of Line 


Arrangement 
Actual of 
Model To Scale 
No ground wire...............00e008 6in. (15.3 cm.) 30 ft.(9.2 m.) 
Ground wire........ Boo Chie pase ¢ 2 
No ground wire.............. Viigo oe if i 
Ground Wire..........-¢-...000% 5p ee EON fe : 
No ground wire.......... PSE RE A patie tas ieee “ # é 
Ground wire................. orp etees $ 4 


ee || eee 


No ground wire irregular field......... A 
Ground wireirregular fleld........... ‘ 
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500! . 
metal plate on the surface of the sand as a conducting 
' ground. The next three tests were made with the sand 
ground and with the “water level” below the surface at 
a distance equal to the height of theline.. By comparing 
tests 1 and 8, it is seen that under equal conditions the 


Under favorable conditions one ground wire reduces the 
voltage to one-half; two to one-third and three to ong 
fourth. The effectiveness of the ground wire increase, 
as the distance between it and the line wire is decreaseq 
The protective ratios given above are for a Spacing 


ening voltage induced on the line is approximately 
gh ji The protective ratio of the ground wire is not 
yble d with change in the height of line. Table VIII 
ait the protective ratio is independent of cloud 


equal to the conductor spacing which closely approxi. , nfect , f Type of Discharge on The Value of the tnduced voltage is higher in dry countries. This follows 
mates the practical condition. : — * nd Wire. So far, the results discussed have been because the flux extends from cloud to water level. 


» voltages induced by cloud to cloud or cloud to 
pund discharge with a steady field between cloud and . | 
4 at the instant previous to discharge. A quite ; , 
forent type of discharge might occur. There might 


, a cloud at near ground potential directly above the ae ba 
| ‘ Cloud y 


§4. while above this cloud there might be another at a 


or high potential. See Fig. 10. A discharge be- 


PROTECTIVE RATIO OF GROUND WIRE 


G D 3 : 7 , : : : 
ROUNDED AND NON-GROUNDED NEUTRAL SYSTEMS B, these clouds could in turn cause an impulsive 
Voltage 2 : : ‘ cae 
Height opine oe ischarge between cloud and ground. This would in 
on Line ice a voltage on the line. A model of this arrange- t ih hice 
edn pement |" Ada penne Te oer ee ee ee rere EC nent was made with the results as given in Table IX. "Lightning Generator" igi eee 
of To of | To | Ground ele ee ay ere re he protective value of the ground wire is the‘same as Coane ae oa nouuce 
Model Scal Model| Scal Wire A | : : : 
Le CaS Sara Bea pee tee fs pee Eee ey sua ead Mowe ma : THON CTAICE q or the other types of discharge. : . ,  #1e. 10—Imputsive Discnarae (DiscHARGE TAKES PLACE FROM 
No ground wire.|6in. (15.3cm.)|30 ft. (9.2 m.)| 29.8 | 1788 Fic. 9—Errecr or, Resistance AND INDUCTANCE UPON THR | Relative Values of the Ground Wire Where the Soil is Uprerr to Lower Cioup THEN From LowEr CLoup to Grounp) 
eo eal a eee ger ee PROTECTION OFFERED BY AN OveRHEAD GrounD Wing inducing and Non-Conducting. The Effect of In- | . 
roun wire rz oer : ° ° ° ° ° e ° e 
above center ; : 4 ductance or Resistance in Series. ‘Tests were made to The effect is that of increasing the height of line. Test 
ee Aigiaes Be Mg 2 EE Be SOS IO Ae Comparative Value of Ground wire on Grounded and stermine the relative value of the ground wire when 4 shows that the ground wire is effective providing 
Ns ee Non-Grounded Neutral Systems. ‘Table VI shows that sed in countries with dry and damp soil. A long box connections are made to water level. Test 5 shows that 
power on o the ground wire is equally effective on grounded and vith a metal bottom was filled with 6 in. of sand. The _ it is not effective with a poor ground connection. 
grounde : os . : a —.. ° ee ; 
‘through —re- non-grounded neutralsystems. Itisinteresting that the jin. line was placed upon the top of the sand. Refer- The ground wire reduces the voltage by reducing the 
ts s t oe : ‘induced voltage is generally slightly higher on grounded ing to Table X, the first two tests were made with a_ initial charge or the flux terminating on the line and by 
neutra ; ; 
grounded”)...| “ ¢ ¢ “| 33.1 | 1986 neutral systems. he i a | 
ee he el ees Variation of Induced Voltages and Effectiveness of q TABLE IX | : 
roun ire « : ; : Z : hee 
Cr au si > j : Ground Wires for Lines of Different Heights. Table SCOMEARISON OF INDUCED LIGHTNING gees 8 om Aen ae peoune DISCHARGE AND IMPULSIVE DISCHARGE 
grounded”... .|. “ ‘ “| 14.7 | 882 0.45 VII shows that by doubling the height of the line the ERO EN | 
Height of Line Voltage Induced on Line Average Gradient 
Line Arrangement — —_———————| Protective before Discharge 
TABLE VII . : Actual of _ Actual of _ Ratio of 
COMPARISON OF INDUCED VOLTAGES FOR CONSTANT CLOUD AND DIFFERENT HEIGHTS OF LINE | Model To Scale Model To Scale Ground Wire Kv./ft. Kv./m 
Height of Line Voltage Induced on Line Kv. a a MMMWIKG.... sa aes ce | 6in. (15.3 em.) | +30 ft. (9.2 m.) 23.0 1380 46 150 
Protective Average Gradient near Line 3 Dai. oo ue an a emanate en Lo EE oo |e | 
Actual of Actual of Ratio-of 7round wire above center line...... i id 11.1 666 0.48 
Line Arrangement Model To Scale Model To Scale Ground Wire Kv. ft Kv. M = : a ee 
SASS TEE ws) genes ef eters ca (Ee een ny Are Meso ec Ta a Pa A PR BNOground wire.................. « “ 17.9 1074 0 0 
No ground wire.................- 6in. (15.3.cm.)| 30 ft. ( 9.2m.) 23.8 1398 46.6 152 — Ss Ys 
ER leg PG RE CD LS te a Pcs SECU [Le RN IN AS a RB NR SiN Psa ee as | fe NE de sround wire above center line..... , ekg “ iuSs2 492 0.46 
ine....| “ “ “ a 11.0 660 0.47 a 2 — : 7 
Ground wire above center of line 3 , ‘Impulsive discharge to ‘‘dead’’ cloud above line and to ground. See Fig. 10. 
No ground wire...............00. |12 in. (30.5 cm.)| 60 ft. (18.3 m:) 48.7 2922 48.7 159 j Z 
Ground wire above center li ‘ « : “ 24.0 1440 0.47 : — ee ys 
round wire above center line...... Sip 2 COMPARISON OF INDUCED LIGHTNING VOLTAGES WITH CONDUCTING AND NON-CONDUCTING SOILS ; 
| Height Voltage Induced on Line Protective |Average Gradient near Line 
TABLE VIII Line Arrangement ———________—_ Nature Ratio of © |——_|_——__ 
; 7 Actual of of Actual of Ground 
EFFECT OF CLOUD VOLTAGE a Model To Scale Soil Model ‘To Scale Wire Ky. /ft. Kv./m 


Voltage Induced or Line Ny Deround 


O° D. 5 Seen ee 6in. (15.3cn1.)|30 ft. (9.2 m.)} Conducting 33.0 1980 66 216 
Actual of Protected Ratio Let. Voltage round wi; OO | | | | | 
33.0 1980 en 100 _ ~ 8tound VOR D05 SS Gea De nae ae od ie Top dry 37.0 2220 74 
: é a sand 6 in. to 
Pee ee fC eer ae ee See Ee eee a / water level 
16.2 972 A 50 } SAR EERieeeel Gore SE —————————————————— 
7.3 438 0.45 s“ 7 a wire above center line. Top dry 
—_—_ | |] ~ “4Nded at water level..... Ra ¢ ‘ sand 6 in. to 19.8 1188 0.53 
8.2 492 25 | ; ee water level 
Sap ay se let i ee | _— a Wire above center of line.| 
6.3 378 eas: i | ir od made by driving nail 
3.3 198 0.52; hs EOS SSS aaa aan * “ cs 34.6 2078 0.98 
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TABLE XI , 
EFFECT OF RESISTANCE IN “GROUND" | oS a 
rh: Resistance or Protection a 


g t Height of Li Voltage Inc Li act ‘i a 
suai Fas bani oo Ababa batts | Selene Oe tee Bmore a ote: her ienne oy aac ea L. chere this type of discharge will strike than for 
Te ot - 
Actual of Actual of Ohms or 7 Ww fare: In these tests about 2 per cent 
Model To Scale Model To Scale Milli-henrys + aa eady dise h li 
EE ee a eo ee ORE CR | hits struck under the ground wire to the line. 
INO eroundiwites: 104% Ae Baio dek 6in.-(15.3cm.) | . 30ft. (9.2m.) 33.1 1990 00 = z alt be found in Table >, 4G eer Ge appears that - 
Ground wire ahove center—Resistance < a“ 15.7 942 °O 0.47 12 ta wil ] t t ti 
in series with ground connection.... f 18.4 1100 855 0.55 sround wire will give almost complete x ection 
: « 20.0 1200 1430 0.60 pT trokesontheline.- 
“ 17.5 1050 1700 0.53 } ast direct str i 
; - 24.9 1500 4400 0.75 nese tests indicate why direct strokes are 's0 rare in 
| EFFECT OF REACTANCE IN GROUND WIRE a | ise. With everything deliberately arranged for 
SESE LEE TE aT GR SEI TE SON ee RE re ay Pen eae Ta a Fe RE GLE QUT Gg Se s UL : 
No ground wire.............-.-..005 6in.(15.3cm.) ) 30ft.(9.2m.) 33.1 1990 00 | . a park to take place to the line projecting above a 
Ground wire above center—Induction B 5 i 13.8 828 0.08 0.42 j it ve frequently took place elsewhere. In 
coil in series with ground connection. « « 16.6 995 0.11 0.50 . in” very 
| “ 18.4 1100 0.13 0.55: 4 tise the chances of a direct stroke would be very 

7 ; 14.8 888 0.46 0.45°. 7a 4 

; : 25.0 1500 0.98 0.75 jl, first, because the cloud arrangement. would not 
eg PET a Gene Te BGC i as sae : Th ne ‘éliberate and, second, because the chances would 
Long wire line to ground............. ¢ ‘ ‘ 13.8 828 10% 0.42: 7 “y 

“ 13.8 828 50’ 0. 42 lessened by trees, hills, etc. The same would apply 

: 17.4 1045 100’ 0.52 F igh induced strokes because they necessitate a very 


*Length in feet. 


increasing the capacity to ground. This capacity has 
in series with it, however, the inductance and resistance 
of the ground connections. If the lightning discharge 
took place without time, the initial instantaneous volt- 
age would be the same with or without the ground 
wire. The tests so far have shown that there is suffi- 
cient delay so that the inductance does not produce an 
appreciable effect with short wire connections. In- 
ductance was added to the ground wire connection with 
the result shown in Fig. 9. Tests were also made with 
long: ground connections and with series reactance. 
They show that the protective value of the ground wire 
could be greatly reduced in practise by resistance in the 
ground connection or by considerable distance between 
grounds causing high inductance. Thus, in a long span 
the induced voltage would be highest in the center of 
the span and minimum at the tower. 

The actual values of resistance and inductance used, 
as well as length of ground connections, are given in 
Table XI. These values do not apply directly to a 
practical line, since the voltage and the energy on the 
actual line would bemuchhigher. Itisdifficult to correct 
_ these to equivalent conditions for an actual line. It is | 
safe to say that the values should be much smaller than 
those indicated to make an effective ground wire. 
They emphasize the importance of short low resistance 
low reactance ground connections. Fortunately, the 
modern steel tower affords a low inductance path to 
ground. 

Electromagnetic I nduensr The voltages measured 
in the line wires protected by ground wires are made up 
of the electrostatic induction and electromagnetic 
induction due to the induced current in the ground wire. 
The electromagnetic induction, was found to be negligi- 
ble. High impulse currents from the lightning genera- 
tor were sent through the ground wire. The voltage 
induced on the line was 400 volts per ft. per 1000 
amperes. 
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ade with the impulsive discharge of 
ting that this type of discharge was 
It is more difficult to 


s were also m. 
It is interes 
r. scognized by Lodge. 


h-voltage cloud near the line. | Here, too, hills and 


les ey s ous be helpful. 


ATING TO. WITHSTAND LIGHTNING VOLTAGES 
: IGHTN} NG BREAKDOWN VOLTAGE OF APPARATUS. 


re sansient voltages are more likely to cause concen- 
tion of stress in apparatus containing inductance and 
acity than normal frequency voltages. In designing 
active apparatus to withstand lightning voltages, 
@ problem is greater than merely putting enough insu- 
lon n me tween line and ground to withstand the highest 


Direct Strokes. The ground wire, if favorably in. ~ 
stalled, is undoubtedly of great value in case of direct 
strokes. In. the experimental work on direct strokes, © 
the voltage was increased:so that the discharge would — 
take place almost directly over the ground wire. It — 
will be seen by referring to Table XII that the ground — 
wire offers good protection from direct strokes. There 
seems to be greater chance for an unprotected line to 
be struck in a dry country than in a wet country. In — 
these tests the connection used was that in Fig. 6. °° 


TABLE XII 
PROTECTIVE VALUE OF GROUND WIRE FOR DIRECT 
STROKES 
Number Number 
Arrangement of Number Striking Number 
Strokes Striking Ground Striking 
Applied, Line Wire Ground 
Connections Fig. 6 ‘ | | 
No ground ‘wire. Con- | 
ducting soil. Noneedle| | 
OVECIOM Os neo r15 a iobobsiicse 105 14 2% 82 
Ground wire. Conducting | 
soil. No needle on | ft 
Cl COLE WE ni a eV 102 0 35. | 67 
No ground wire 6 in. sand. iG. 11—Ligurning Striking THE OVERHEAD GRrounp WIRE 
No needle on cloud..... 102 59 i) ee Mission Linz Durine Stupy or Direct STROKES 
Ground wire 6 in. sand. | | ao a Li Ligutnine VoLTAGES ON A THREE-PHasE LINE 
No needle on cloud..... 102 1 76 a 4 Licutnine Storm 
No ground arcs 3 in. sand. a 
Necdiein clouds. c aera ie ) sbable lightning voltage as in the case of the insulator 
eee nt — ae : me. This has been recognized in the use of heavy 
Neediaen cloud... vxk 102 0” 96 , @ turn insulation in transformers. However, it is 
caine ag) a balways possible or economical to insulate local turns 
A. ae Coils to withstand the full voltage of a lightning im- 
NO ome pare ; Noe *e. It is obviously of great importance to design 
Da 
SONS AE x) Oe. oad 100 100 Tatus so that transients donot concentrate on a few 
ene area a eee pn ey ae ug 
, 3 : s but divide evenly over the total insulation. This 
Ground wire. Needle 


S been done by shields. 


Sh uelds have a preventative action like the ground 
qj 


} 


on cloud. Conducting 
98 
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wire. Two good examples will be mentioned here. 
The ring insulator shield is used at high voltages to 
distribute the normal frequency stress more uniformly. 
By its use, the operating stress is reduced to about 25 
per cent of the stress on a non-shielded string. The 
maximum lightning stress is also reduced to 25 per cent 
of that for a non-shielded string. 

There is great danger of concentration of stress in 
transformers. At the first instant that lightning strikes 
a tranformer, the coils act as if they are open circuited; 


Dry : we 6000 Ke. 
Single Impulse,w ith 
Long Pally, 


SPARK-OVER VOLTAGE IN Kv. (MAXIMUM) 


IMPULSE RATIO 


* NUMBER OF foune 


Rig. 12—Comparison or 60-CycLE AND LIGHTNING FLASH- 


OVER VOLTAGE ON SUSPENSION INSULATORS 


only the capacities function and the transformer is in 
effect a string of capacities or insulators with capacities to 
ground to cause unbalance. By placing a proper shield 
on the line end the effect of the capacities to line is to 
neutralize the capacity to ground and there is no voltage 
concentration. The transformer shield differs from the 
insulator shield in that the insulator shield controls the 
stress at both normal and transient operation, whereas 
the transformer shield operates only for transients. 

The general principle of shielding is to place the coil 
between shields so that the electrostatic field es- 
tablished by the transient causes each.turn to take the 
same relative stress as it does at normal frequency. An 
oscillation is thus not possible. The shield is of equal 
value in preventing high voltages from building up 
locally on the apparatus by high-frequency oscillations 
on the line. If even voltage distribution is obtained 
the problem is simplified. 

For lightning strokes, switching surges and other 
high-voltage transients that occur on transmission lines, 
the breakdown voltage is much higher than for 60 
cycles. The range of these surge voltages is given for 
line insulators in Fig. 12. The highest values repre- 
sent steep wave front lightning voltages. For such 
voltages the wet and dry arc-over values are the same. 
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The steeper the wave front or the higher the frequency 
the higher is the breakdown voltage. 

Persistent oscillations cause breakdown at decreasing 
voltages with increasing frequency, if the ionization per- 
sists fromcycleto cycle. Hotelectricneedlesare formed 
which reduce the spark-over voltage. However, as 
already stated, because of excessive losses, such oscilla- 
tions cannot reach high values on transmission lines. 
This also applies to damped oscillations of high train fre- 
quency. Where the train frequency is over about 1000 
cycles the breakdown voltage begins to decrease below 
the 60-cycle value with increasing train frequency. 
On transmission lines a damped train of oscillations may 
occur for each half cycle. The train frequency is then 
120 per second. The breakdown and spark-over volt- 
ages are higher than for the 60-cycle. The breakdown 
-_ voltage for the oscillation of the “Tesla Coil’’ excited at 
60 cycles is also higher than the 60-cycle breakdown 
voltage. 

Oscillations on a line can only follow after an arc 
occurs. Thus the original break must always occur in 
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LIGHTNING VOLTAGE 


1000 


Cale ee 
Le ee Usual T Highest Voltage- “One Ground Wire 
0 Eoeeal = ie Voltage-Three Ground Wit et 
0 i 


120 160 200 240 280 
OPERATING VOLTAGE 
Fig. 13—Comparison or INSULATOR ARC-OVER VOLTAGE WITH 
Maximum LIgHtTNING VOLTAGE FOR SEVERE StoRM DIRECTLY 
Over LINE 


some other way as by lightning or by dirt or faulty 
construction. It is important to prevent the initial 
failure. Failures by dirt have been too frequently 
attributed to high frequency. 

The lightning breakdown voltage of liquid and solid 
insulations is often five or more times the 60-cycle value 
when the stress is equally distributed. 

The lightning flashover voltage of insulators is 
plotted with operating voltage in Fig. 13. On this same 
- figure are plotted curves of the probable highest light- 
ning voltage for lines with and without ground wires. 
A direct stroke on a line without a ground wire causes 
voltages much higher than. the insulator arc-over volt- 
age. The second curve down represents the usual 
highest voltage on a line without a ground wire. It 
happens that this same curve corresponds to the voltage 
by a direct stroke on a line with one ground wire. This 
curve crosses the insulator spark-over voltage curves for 
an operating voltage of 220 kv. This indicates that a 
220-kv. line without a ground wire is not likely to have 
insulator trouble from lightning except in case of direct. 
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_ the discharge occurs. 
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stroke. It further indicates that a 220-kv. line with a 


favorably installed ground wire is not likely to have 7 
~The 
next curve gives the usual highest voltage for a ii 1 
Under usual conditions very 
little trouble should be expected for lines insulated’ for 7 
The lowest curve shows that 
three ground wires reduce the probability of lightning 4 
The proba. _ 
bility of trouble with direct strokes would be reduced j in | 


trouble from lightning under any circumstance. 
with one ground wire. 
over 100 kv. operation. 
trouble to still lower operating voltages. 


proportion. - 


The values of voltages taken in the above curves are © 
for the most severe storms directly over exposed lines. 
Such conditions might not occur during a year or severa] 
Itisa well established fact that during any storm — 
there are likely to be many low-voltage induced im. © 
pulses, a less number of moderate voltage meu and | 


years. 


frequently none at high voltage. 


x 


LIGHTNING ARRESTERS 


The methods for guarding against lightning so far | 
discussed have been preventative, such as the ground — 
wire; better distribution of stress by the shield and by — 
The remaining method is the arrester, ~ 
The object of the arrester is to permit transient or 
other excess voltages above a given value to discharge 
to earth and to suppress the dynamic arc and prevent _ 
Since the transient currents are likely to — 


extra insulation. 


oscillations. 
be very high an efficient arrester must have low resist- 
ance. 


nomic one. 


Because arresters have gaps they cannot prevent lone q 
voltage oscillations from building up high voltages in — 
However,there is very little to be feared — 


transformers. 
from such trouble in modern apparatus with shields. 


Where special cases require it, such oscillations are — 


readily absorbed by placing a resistance in series with a 
condenser without a gap across the line. 


CONCLUSIONS 


Voltage and Energy of a Lightning Flash. The voltage 
of a severe lightning flash is probably of the order of 
100,000,000. The current may be 78,000 amperes and 
the stored energy 18,500 kw./sec. The discharge is 


usually non-oscillatory and often takes place in a few 


microseconds. 

Voltage Disturbances on Transmission Lines. 
lightning disturbances on transmission lines are steep 
wavefront impulses that occur by electrostatic induction. 
There may also be impulses of slanting wave front and 
damped oscillations. The lightning arc-over of insu- 


lators is always higher than for 60 cycles and is not q 


greatly affected by moisture. 


An arrester must also have low time lag, other- — 
wise the transient voltage may rise to high values before — 
A good arrester is of unquestion- — 
able value at the low and moderate operating voltages. — 
The question of the extent of its use to take care of the 
unusual conditions at the very high voltages i is an eco- — 


Most — 


Te 1924 1 
a asual induced voltage is probably below. 1000 kv. 
; e increases almost directly with the. height 
pee The maximum possible voltage can be 
he i multiplying the maximum gradient of 
vy. /ft. by the height of the line in feet. 
lightning wave travels over the line and is dissi- 
considerable extent by corona loss. When it 
s an inductance or the end of the line it increases 
Flue and is reflected. If the inductance is not 
ted by resistance, high values of voltage may be 
up. When breakdown occurs there is a damped 
‘la tion at the comparatively low frequency of the 
atu oral period of the line or some section of the line. 
‘witching surges and other high-voltage disturbances 
; occur on transmission lines are damped oscilla- 
ns. Such disturbances always require a higher volt- 
s to cause insulator flashover than 60 cycles. 
Persistent or continuous undamped oscillations at 
yh voltage cannot exist on transmission lines because 
3 fhe enormous losses. This also applies to damped 
scillations of high train frequency. 
A high-frequency oscillation requires an arc. It is, 
refore, a secondary disturbance following a break- 
wn caused by lightning, dirt or some defect. Oscilla- 
ns are not serious on grounded neutral systems. 
ie Ground Wire. A single ground wire when prop- 
rly Be ctalled. under favorable conditions reduces the 
fnced lightning voltage to 48 per cent of that without 
pround wire; for two ground wires the reduction is 
34 per cent while for three ground wires it is to 24. 
er cent. 
The reduction is the same for isolated and grounded 
eo systems. 
he ground wire is apparently not effective in a dry 
ur fey unless grounds can be made in conducting soil. 
du luced lightning voltages are higher in a dry country 
n in a wet country. | 
The effectiveness of a ground wire decreases as ‘the 
SIS stance or inductance of the ground connection 
creases. 
The ground wire is also a good protection against 
rect strokes. . 
I Insulating to Withstand Lightane Voltages—Lnghining 
reakdown of Apparatus. Insulating inductive appara- 
aS. to withstand lightning voltages is a greater problem 
m simply adding insulation. Shields to prevent 
Ce ice of stress are important and function in a 
anner somewhat similar to the ground wire. 
A plot of the lightning strength of insulators and 
= probable highest lightning voltage for different 
per erating voltages is given in Fig. 138. The indications 
ethat a 220-Ky. line with a ground wire should be 
“0St free from lightning troubles. It cannot be 
| id that there is any definite voltage where immunity 
| gins, since the unusual may always happen. The 
a becomes less and less with increasing operating 
e. 
rhe €xtent to which protection should be used is a 
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. other parts to follow. 


records of human knowledge. 
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combined engineering and economic problem. The | 
technical problem, which has been the subject of this 
discussion, is to determine the strength of apparatus, 
and the voltages to which it is likely to be subjected. 
With these factors known, the economic problem is to 
balance the cost of insurance against the value of better » 
service and reduced liability of trouble. | 


(Creighton--Concluded from p.110) 
used (current = voltage of the cloud + surge im-. 


pedance. The surge impedance is a ). 


The combination of these three factors,—average 
potential gradient, low specific resistance, and a simple 
well-established equation—gives a current in a light- 
ning streak about a mile long of. over a million amperes. 

Assumptions involved: | 

1. Thata streak of lightning i is astraight Gericke: 
the inductance of which may be calculated with oo 
approximation by the established equations. 3 

2. That the electrostatic field of the cloud is a 
capacitance that may be calculated with approximation 
by the formula for parallel plate condensers. 

3. That the plate of the condenser as formed by 
the cloud has an equivalence at some depth in the cloud 
not known but a depth small as compared to the mile 
of height. 

Since,.so far, only a part of the thunder-cloud was 
considered, namely its lower. surface, it may appear to 

the reader that the assumption was first made that 
the resistance was high in the path of the displace- 
ment current of the statie field and subsequently that 
the resistance was low when the discharge gathered in 
the static field. Later it will be shown that as soon as 
the bolt strikes, the static field changes its location in 


the cloud: from the lower surface of the cloud to the 


branches of the streaks i in n the cloud i in which the elec- 
tricity gathers. 

‘As already indicated, it is. not possible to bring this 
part of ‘the speculative work to any great degree of. 
completion in this paper, as it is dependent on the 
Very. considerable modifications 
-will have to be made in the details of our standard. 
thunder-cloud, as herein given, after an understanding 
of the formation of the lightning stroke is set forth. 
A complete understanding is not yet available in the 
It is only, however, 
by setting up pictures, hypothetically of the various 
phenomena involved in the several kinds of lightning 
storms that rapid advance can be made, These 
theories are targets at which all observers can shoot. 
There is a rule to this game. Each step in the theory 
must square itself with the available experimental 
data and also with the preceding and following steps. 
At this point the matter must stand for the present. 
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; he K] dono fa h | will be confined to the use of the figures aS a means of placed in a dark box. If a voltage is impressed between 
y p ~ obtaining detailed information concerning surges. _ the terminal and ground plate, as at E, on developing 
) : ae S The klydonograph in its simplest form is represented the photographic plate figures will appear that will give 
An Instrument for Accurately Measuring and Recording Voltage Surges—Discussion of Tests — “in Fig. 1. The photographie plate, of course, must be pertinent information concerning the nature of the 
° qe e ° ° A i a 4 : : : : : , : . | 
on Which Calibration Is Based—Photographic Plate Figures Give’ Ee T ho Rage iit 
¢ bs ° ° ; ; 
Detailed Information of Surge Characteristics ee 
Transformer Engineering Department, Westinghouse Electric & Manufacturing Company ae Surge genercior 


HERE is plenty of evidence that surges of studied by many investigators. The most recent study. 
considerable magnitude appear on extensive was avery complete exposition of these figures given by 
transmission systems, and it is undoubtedly P.O. Pederson.t Apparently very little is known about 
desirable that detailed information concerning the actual cause of the Lichtenburg figure on photo- 

them be obtained. From what data are available it 1s eraphic plates, although many investigators have at- 
rather evident that many surges of very high value tempted an explanation of this phenomenon. No attempt 
exist which have an extremely short duration. Prac will be made in this paper to explain the action taking 
tically all data concerning these surges have been place in the emulsion of the photographic plate, but it 
obtained by the use of spark gaps in some form or 
other. It has been assumed that a sphere spark gap 
can be made to have practically zero time lag of break- y LE MENS a 
down, and it has been used as a standard in determining a He 
the duration of these surges. But a sphere spark gap “--Metal plate news : 
has a considerable time lag where the voltage in excess | ie j 
of its flashover value is comparatively small. Ge 
The object in the development of the instrument to 
be described in this paper is to provide some means 
that will record voltages, whether of extremely short 
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FIG. 13 (A)—-NETWORK USED TO PRODUCE SURGES 

IN THE LABORATORY ; 

FIG. 13 (B)—GRAPH OF A TYPICAL SURGE PRODUCED BY 
THE NETWORK OF FIG. 13 (A) 


Photo plate FIG. ti 


rig. 14—NETWORK 
T NX 
U SED TO GET SHORT = Surge gerrerator 
TIME SURGES 


duration or not, and to produce a graphic record of FIG. 2—DIFFERENT WAVE FRONTS CAN BE 7oX ToA | 

detailed information concerning the surges, such as DETECTED (A) SHEER-FRONT WAVE, FIG. 12—THE KLYDONOGRAPH USED TO RECORD THE BL yf 

polarity, magnitude, steepness of application, ete. | | (B) TAPERED-FRONT WAVE, SURGES ILLUSTRATED | iy REED) ie ake 
This instrument is based on an old principle that _ (C) ALTERNATING WAVE isi 


was first observed in 1777 by Dr. 
Lichtenburg and makes use of fig- 
ures known as Lichtenburg figures. 
Dr. Lichtenburg found that on dis- 
charging a condenser such as a Ley- 
den jar across a spark gap onto a 
terminal in contact with an insulat- 
ing plate placed between this ter- 
minal and a ground plate, and then 
sprinkling powder on the plate, the 
powder would arrange itself in the 
form of a figure that had certain 
very peculiar appearances. By using 
powders of different colors beautiful 
figures could be produced, the figure 
produced by a positive charge being 
entirely different from that pro- 
duced by a negative charge. In 1888 
J. Brown and EK. Trowvelot found 
that on replacing the insulating plate 
with a sensitized photographic plate, 
the emulsion being in contact with 
the terminal, and developing the 
plate, figures very similar to those 
produced by  Lichtenburg were 
found: Sinee Dr. Lichtenburg’s time 
the Lichtenbure figures have been 


*The word ‘‘klydonograph’’. was coined by 
Dr. Roscoe M. Ihrig of the Carnegie Insti- 
‘tute of Technology. It is derived from the 
Greek words ‘‘kludon’’. and _  ‘‘graphos.’’ 
‘*Kludon’’ means ‘‘billow’?>-or ‘“‘wave’’ and a OMe 
has a related adjective ‘‘kludios,’’ which THE KLYDONOGRAPH’S RECORDS OF VARIOUS SURGES 
means ‘‘surging,’’ ‘‘dashing.’’ « “‘Graphos’’ Fig. 3—A positive surge with an abrupt --A negative surge with a 200-micro- 
means ‘‘a writing’’ and from it,” of course, front. ; Fig. fee negative surge with a second front. Fig. 9—A 60-cycle alter: Pemer 
many scientific..terms are in part derived, steep front. Fig.°5—-A surge of a wave nating voltage. Fig. 10—A _ positive surge ‘ YDONOGRAPH MAKES RECORDS OF 1E r 
as, for instance, ‘‘telegraph’’ and_ ‘‘oscil- similar to Fig. 2 (b) with a 5-microsecond above the working range of the instru janes 15—A positive surge on two lines Fig. 18 ’ SHED oN TWO LINES AS WELL. AS ONE 
lograph.’’ ; - front. Fig. 6—A' negative surge with a ment. Fig. 11—A negative surge occur” ore tt, long. 15. —A negative surge with X and A Fig. 21—Two negative surges impressed 25 
+ Det Kal. Danske Videnskabernes Selskab, 5-microsecond non Fig. 7—A positive ring above the working range of the in- fies: 16-—A positive surge on two lines of eae 1 O== AN eee e , seconds apart also “overlap. } 
1919 surge with a 200-microsecond front. Fig. 8 strument. eo length, A = 30 ft., X = 50 tt. differing a ig a a with A and X sEie. peeled fa made of positive 
rd 0 Ai positive surge with A = 50 ft. Fig. 20—Two positive surges 380 seconds Vig. 23—Two vosatieet es aortas 
124 apart when impressed overlap each other. and one-half seconds apart on same calatons 


voltage impressed. If the voltage is in the form of a 
surge—that is, unidirectional, either with a sheer front 
as indicated in Fig. 2(a), or tapered front, as in Fig. 
2(b)—the figure on the photographie plate will differ- 
entiate between the tapered front and the abrupt front, 
and it will also indicate whether the surge was of posi- 
tive or of negative polarity. Again, if the surge is al- 
ternating, as in Fig. 2(¢), the figure will differentiate 
between it and the unidirectional surges. A wave with 
a 5-microsecond front requires five millionths of a second 
for the potential to rise to its full value. Expressed in 
terms of a traveling wave on a transmission line, this 
d-microsecond front would represent a taper extending 
over one mile of transmission line. A wave with a 40- 
microsecond front would correspond to a taper of 40 
miles of a transmission line. In case the potentials are 
higher than those represented by Figs. 10 and 11 a 
spark will occur and fog the plate. It is interesting 
to note that the positive and negative surges maintain 
a decided difference in appearance right up to the point 
where a spark occurs. Fig. 12 shows the klydonograph 
that was used in obtaining all of the figures shown and 
is a convenient form for certain kinds of laboratory 
work. It is not suitable, however, for graphie work. 
Figs. 13 (a) and (b) show network used in the labora- 
tory and typical surge produced by it. 3 

The diameters of the figures give a measure of the 
magnitude of the surges. The positive and negative 
figures have quite different calibrations, the figure for 
positive surge being considerably larger than that for 
the negative surge of the same magnitude. It is inter- 
esting to note that the calibration of an alternating 
voltage is identical with that of the positive surge and 
also that surges over a wide range of taper of fronts 
have the same calibrations. The calibration used con- 
sisted of two values—5-microsecond and 200-microsee- 
ond surges. In both of these cases the calibration is 
the same. It was not possible to check the ealibration 
with an abrupt front as abruptness is a-matter of 
degree. The figures shown and deseribed as having 
an abrupt front were produced by a condenser dis- 
charged through a spark gap with no restraining net- 
work—that is, they were as abrupt as could be pro- 
duced by ordinary methods. It is known, however, that it 
takes time for sphere spark gaps to break down and 


i . % nnn 


yes Small plate 


become highly conductive, and since sphere spark gaps _ 
were the quickest measuring devices available, it was _ 
felt that considerable error might be introduced by | 
using them for measuring surges with sheer fronts. | 
In fact, definite proof was obtained that they intro- 
duce a considerable error, as will be pointed out later. 
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FIG. 25—A MEANS OF 
CONNECTING THE 
KLYDONOGRAPH 

TO THE LINE 
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FIG. 26—CONNEC- 
TIONS TO DETER- 


OF WAVE FRONTS 
ON A LINE 
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TABLE I—RESULTS OF TESTS—POSITIVE SURGES 
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Plate Taper of Front, Radius of Plate Taper of Front, 
Volts Number Microseconds Figure,Mm.{ Volts Number Microseconds 
15,000 103 a 200 19.0 14,000 222a 5 

b 200 18.3 b 5 
c 200 19.0 c 5 
d 200 17.5 d 5 
e 200 ,17.5 ; e 5 
f 200 17.5 f 5 
1154 4 ae AVerazengh cues en ee 
9) Veanie 
P 5. as 12,000 221 a 5 
d 5 19.0 p p 
e 5 17.5 < 5 
f 5 19.0 d 
e 5 
123 a 200 20.0 f 5 
b 200 20.5 
@ 200 20.5 PAVOLA SO Seis ide ho areateeson halen ere nars 
d 200 19.5 
3 200 20.0 10,000 220 d e 
i 200 22.0 c 5 
5 
2164 5% 19.0 q 5 
1) 5 "vig 19.0 f 5 
c 5 >? 18.7 
ad 5 20.0 
a 5 19.0 PEVOLR LO re ie) stele eine cetsioneie eror ere kere ae 
f 5 20.0 9,000 107 200 
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Average - 
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Radius of 
Figure; Mm. 


17.5 


Volts 


Average 


6,000 


Average 


Plate 
Number 


Taper of Front, 
Miecroseconds 
12.7 
Gate 5 
13.5 
13.5 
12.7 
15.8 
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FIG. 24 EXPERIMENTAL RECORDING TYPE OF KLYDONOGRAPH > 
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ee. aot an easy matter to produce surges of ded. 
ie wn characteristics. If the initial traveling 
itely Peiuced by surges could be ignored, it would be 
yave Oe tively easy matter to produce surges of cer- 
a Be acteristics. But on account of the great quick- 
a Be this device the initial traveling wave could 
ness, 0! onored. For instance, in the network represent- 
not E. 13, with the condenser C; at the far end of 
a p twork ‘eliminated, when the series spark gap 
Beer a wave travels from the spark gap through 
a sparks ov snductance and strikes the resistance at the 
aot the network, producing a reflection. This reflec- 
4 a ay cause the voltage to go to double value, the ex- 
: Ee voltage disappearing in an extremely short time 
i A ihe form of an oscillation. Measurements made by 
ark gaps at this point did not indicate this adjusting 
E aillation, but the klydonograph did record it. By 
Sine 4 condenser in parallel with this resistance a 
veflection occurs, but in this ease it is a reflection of 
negative value; that is, the voltage is at the first in- 
stant reduced to zero, and the picliation is that of 
pringing the voltage from zero up to the proper value. 
As the surges investigated had tapered fronts, the 
negative oscillation did not in any way iitentere 
with the figures. Even with this condenser in parallel 
with the resistance, it is necessary to connect sufficient 
yesistance in series with the klydonograph to damp 
critically the loop consisting of instrument leads be- 
tween the ends of the condenser and the klydonograph. 
Without this series resistance the initial traveling 
wave would induce in this local loop a voltage with 
a sheer front which would be recorded by the kly- 
i cpraph. A comparatively small resistance can 
be connected in series with the instrument that will 
‘prevent this induced oscillation and will still leave 
the circuit of such constants that it will record a 
surge lasting ten or fifteen billionths of a second. 


- In Tables I and II are given the results of some of 
‘the tests on which the calibration is based. Table I 
is for positive and Table II for negative surges. It 
‘should be noted that in this tabulation a rather 
Severe test was imposed on the calibration. For in- 
Stance, the network was not set up for one particular 


“curve obtained, but instead a few surges were taken 
‘for a point on the curve, then the network was changed 


first point, and so on, in that way including the er- 
Tors of adjusting the net work in the calibration of 
‘the camera. In spite of this task the data are quite 
“consistent. The variations in this tabulation may be 


x 
a 


ey é 


voltage and condition of surge and all points for the. 


for some other ‘point and later changed back to the ) 
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contributed partly to variations in setting of the 
spark gap and partly to variations in the method. In 
quite a few cases six surges were thrown on a plate 
simultaneously, and in practically every case it was 
impossible to measure any variations in the figures. In 


_a tew cases there were slight but measurable variations. 


In order to check size of figures against time appli- 
eation of surges, several plates were made with one 
surge of a certain value thrown on terminal No. 1, two 
surges on No. 2, three surges on No. 3, and thus up 
to six surges on No. 6. It was found on measuring the 
diameter of the figures that repeated surges did not 
increase their dimensions but merely increased their 
intensity. Another test was made to determine the 
effect of humidity. Water-soaked waste was placed in 


the camera and left for half an hour, by which time 


the air had become saturated. Surges were then ap- 
plied to the plate, and it was found that the figures 
were, as far as could be determined, exactly the same 
as for plates in ordinary atmosphere. In another test 
surges were thrown on a plate and the plate was left 
in the camera for fourteen hours and then developed. 
These figures were in every way normal, thus indicat- 
ing that they do not disappear with time. 


As previously pointed out, surges may be of ex- 


tremely short duration, and although the tests so far 


indicate that the klydonograph is sufficiently rapid to 
record these short-time surges, tests were made to get 
a more concrete idea of the speed with which the fig- 
ures are produced. In order to obtain these data the 
network indicated by Fig. 14 was used. This consisted 
of the simplest kind of surge generator, consisting of 
a condenser being discharged through a sphere gap 
into a resistance from which two aérial lines were 
carried. These lines, A and X, were made of different 
lengths and their terminals were connected, to a special 
klydonograph having two terminals in contact with the 
emulsion of the phoioeraphic plate. These two ter- 
minals, instead of having point contacts, were made of 
disks approximately 3 in. in diameter, with their en- 
tire surface in contact with the emulsion. Evidence 
was obtained that sphere spark gaps were not quick 
enough to record transients of extremely-short dur- 
ation in the earlier tests on the network for calibration, 
so that spark gaps were eliminated from Fig. 14 except 
the one through which the condenser was discharged. 
The time lag of this gap played no part in the tests as 
data were desired only as regards the conditions after 
the gap had broken down. When the spark gap spark- 
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TABLE II.—RESULTS OF TESTS-—-NEGATIVE SURGES | 


4 Vol Plate Taper of Front, Radius of Plate Taper of Front, Radius of Plate Taper of Front, Radius of 
-.° ts Number Microseconds Figure,Mm.]| Volts Number  Microseconds Figure,Mm.| Volts Number Microseconds Figure, Mm. 

15,000 102a 200 8.0 14,000 163a 5 6.7 9,000 108a 200 , 5.1 
b 200 7.3 10) 5 6.4 b 200 5.4 
c 200 8.2 c 5 (ER c -200 4.0 
ad 200 8.0 d 5 6.7 ad 200 4.8 
e 200 8.0 e 5 7.1 (:) 200 5.2 
f 200 7.6 f 5 6.7 f 200 5.5 
1150 5 8.0 ‘Average. Moen cee ee ee 6.8 1862 ; e a8 

b 5 7.2 : Us ipianes 
é 5 7.6 12,000 126a 5 6.3 e ae 
d 5 7.6 b 5 6.3 5 51 
e: 5 7.2 c 5 6.7 f 5 5.5 

f 5 72 a 5 6.3 : 

: ' ? ig) Average 6.2 
123 a 200 9.2 f 5 6.4 Ore oevlens) ce Jedoye ccvelouleelensyeceter stele cate 
, 200 8.7 ese 0 122 5 3.0 
c 200 8.2 Average ..... adet Ma niishenol OLE ack Asa 6.6 G08 . 5 4.6 
ad 200 8.0 c 5 4.5 
e 200 8.0 d 5 4.8 
f 200 8.7 e 5 3.8 
<== T 5 3.7 
MS 7.9 == 
AVOTAZLO RES? BoA AEE 4.1 


ed over, the surge was thrown on leads A and X at the 
junction point simultaneously and surges traveled out 
over the two lines. The laws of traveling waves are 
well understood, so that their behavior can be accu- 
rately computed. Where A and_X are of equal lengths, 
the surge being applied to both simultaneously, they 
should appear at the far end simultaneously. With the 
klydonograph connected between the far ends of these 
lines and ground the lines would have the character- 
istic of being open-circuited. When a surge traveling 
along a transmission line strikes an open end, a re- 
flection occurs which theoretically reaches double value. 
In these tests the double value was obtained only when 
the lines were of considerable length. The reason for 
this is that when a spark gap sparks over it takes time 
for it to become highly conductive, and in consequence 
the voltage is applied somewhat gradually. If the time 
requir ed for the spark gap to become highly conductive 
is appreciable, as compared to the time required for a 
wave to travel to the far end of the line and back again, 
the reflection at the far end will not be double the 
maximum value of the impressed surge. 
some of these tests A and X were of considerably dit- 
ferent lengths, resulting in unequal reflection. In order 
to overcome this difficulty, resistance R, having values 
equal to the surge impedance of the lines, were con- 
nected between the lines and ground, thus eliminating 
reflections. It is interesting to note that voltages meas- 
ured by means of sphere spark gaps at the far ends 
of these lines before the grounding impedance was 
added would not always indicate an increase in voltage 
due to reflection. On the longer lines where the reflected 
waves lasted an appreciable length of time the gap 
would indicate some increase in voltage, but not so 
great an increase as the klydonograph would indicate. 

In Fig. 15 is shown a positive surge, where A and X 
are each 95 ft. long. The surges on the two lines, of 
course, started simultaneously, had the same distance 
to travel and arrived at the far end simultaneously. 
An interesting feature of this figure is the dividing 
line between A and X. It should be noted that the 
lines emanating from the two terminals do not over- 
lap but show a distinct aig line half way between 
the two figures. 

Fig. 16 is for a positive surge with A — 30 ft., 
X == 50 ft. The difference in the lengths equals 20 ft. 
From the propagation of a surge on an aérial line it is 
found that this difference of 20 ft. represents a dif- 


ference in time of 2 * 10°8, or twenty-billionths of a 
second. That is, the voltage on.A was applied twenty-— 


billionths of a second earlier than on X, with the re- 
sult that A took possession of more than one-half of the 
space. Fig. 17 is for a positive surge, A. — 50 ft. 
xX == 140 ft., or a time difference of ninety-billionths 
of a second. Here A is fully developed; thus it would 
appear that the positive figure becomes fully developed 
in something like a hundred-billionths of a second. 
Fig. 18 is a negative surge with A and X of equal 
length and the figures divide the space ‘‘fifty-fifty.’’ 
Fig. 19 is a negative figure for a difference in lengths 
of 130 ft., giving a time differential of a hundred-and- 
thirty- billionths ofa second. It should be noted that in 
Fig. 19 the division is appreciably shifted from the 
center line. Comparing Fig. 19 with. Fig. 17, it will 
- be seen that a negative figure develops very much slower 
than a positive figure. However, the tests indicate that 
either is quite fast enough for recording surges for 
practical purposes. The figures shown in “the last few 
plates suggest that perhaps figures would not overlap, 


In making: 


in which ease if a surge were reported and in a com-- 


paratively short time another surge of the same or 
smaller magnitude appeared, the latter would not be 


recorded. Tests were made to determine whether this 


is actually the case. 

In Fig. 
thrown on the remaining terminal; then the pore: 
graphic plate was shifted and two and one-half minutes 
later another surge was thrown on the terminal in its 


new position. It is clear on this plate that figures do not : , 


interfere with recording of subsequent surges. 


Priore APPLICATION OF INSTRUMENT 


To be well suited for obtaining data on disturbances 
on transmission systems, a device should be continu: 


ously operative and should be eapable of recording the 


exact. time when a disturbance occurs. That is, it 
should be graphic. In many eases it is decane to 
place the device where low-voltage electrical power 1s 


not available, in which ease the device must be driven - 


by clockwork. 


Fig. 24 shows a klydonograph suitable for such appli- 7 


eation. This instrument makes use of a 10-in. x 12-in. 
photographie plate in a special plate holder. The 


moving parts are driven by a clock that makes one: 


complete revolution in twenty-four hours. 


Fig. 25 shows a suggested means of connecting the 
klydonograph to the line. Since this instrument is 


practically a zero, current device, it is possible to con- ~ 


nect it to the line electrostatically. This makes it 
possible to connect to a high-voltage line without intro- 
ducing an insulation hazard. With the klydonograph 
connected as shown in Fig. 25, the figures produced 
give the magnitude and polarity of the surges. 


Fig. 26 shows a means of connection that will give 
the steepness of the surge front. This consists of run- 
ning counterpoise under neath or alongside the transmis- 
sion line for 1,000 ft. to 2,000 ft., grounding the far end 
directly and grounding the near end. through a high 
impedance. The klydonogr aph is then connected across 


this high impedance to ground. The voltage induced 


in the counterpoise is proportional to da/dt=that is, it 
is a measure of the steepness ofthe current wave, and 
sinee the current wave and the voltage wave of a 


- surge have exactly. the same shape, therefore it gives 
a measure of the steepness of the surge front. By 


comparing simultaneous readings on the klydono- 
graphs, one connected to the line through the electro- 
static potentiometer and the other to the counterpoise, 
information concerning the surge can be obtained as re- 
oards magnitude, polarity, steepness of front and the di- 


rection in which the surge is traveling on the transmis-. 


sion line. Magnitude and polarity are obtained directly 
from the first klydonograph, steepness of front directly 
from the second, and the relative polarity of the two 
figures obtained gives the direction in which the surge 


is traveling. That is, if the polarity of the two figures: 
is the same, the surge is of that polarity and is travel- 


ing in a direction fixed by the manner in which the 
recorders are connected to the system; if the. figures 


are of different polarity, the surge is of the polarity — 


indicated by the recorder connected to the potentiom- 
eter and is going in the opposite direction from the one 
previously mentioned. After the connections have been 


decided upon. it is easy to determine the relation be-. 


tween figures and direction that surge is traveling. 

The author wishes to express appreciation of the 
excellent assistance rendered by W..L. Teague in ecarry- 
ing out the development of the klydonograph. 
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22 one tel minal was removed and a suree ON 


J. HL COX: 


4 Associate, A. I. E. E. 
q 
| __In the past few years the need of a device for recording 
urges on transmission lines has been felt more and more. 
lag? i this need, J. I’. Peters, in the fall of nineteen twenty-three, 
” 3Z the klydonograph which. utilizes the Litchtenberg figure to 
0 


d the characteristics of transient voltages. The principle of the 
co? 


1 mopsis. 


His obtained in the field from four investigations are given. 
SU 


A 


J, PRINCIPLE AND CHARACTERISTICS 


INCE the beginning of high voltage transmission 
the question of the nature of transient voltages on 
_ transmission systems has been a troublesome prob- 
am. Many troubles have been attributed to surges, 
out without positive evidence of their existence. How- 
over, there is considerable evidence that transient over- 
70. ltages of short duration do exist on transmission 
nes and information regarding them is very desirable. 
There has been developed a considerable amount of 


fication of this theory by test has been produced, due 
the absence of a satisfactory means of measurement. 
Heretofore, the spark gap has been the principal means 
yf measurement. It was found that the spark gap had 
sonsiderable time lag when the voltage in excess of its 
lashover value was small. Other objections to the 
spark gap for the measurement of transients are well 
known. Various other devices that have been tried 
had practically the same objections; that is, they had 
ime lag, were not graphic, indicated only one value, 
ntroduced hazards to the line or were excessively 
expensive. 

Principle. 
sulmination of the effort of J. F. Peters and his assist- 
: * W. L. Teague, to develop a satisfactory surge 
€corder, one that would give a continuous graphic 


in € of day, polarity, steepness of wave front, direction 
. he and whether or not the surge was oscillatory. 
producing this instrument a phenomenon was 
| tilized that has been known for a century and a half. 
m1777, Dr. G. C. Lichtenberg first observed that when 
A | Condenser was discharged onto a terminal in contact 


Bm Both of the Westinghouse Electric & Mfg. Co. 

2. The word ‘‘Klydonograph”’ was suggestéd by Dr. Roscoe 
ig of the Carnegie Institute of Technology. Itis derived 
rom two Greek words “Kludon” and ‘“Graphos.’”’ Kludon 
Means “‘billow’’? or “wave,” and a related adjective means 
peing” or ‘dashing.’ Graphos means a writing. Thus 

e me wdonograph means an instrument for recording surges. 

‘The Klydonograph, J. F. Peters, Electrical World, April 19, 1924. 


4 Presented at the Annual Convention of the A. I. E. E., 
mratoga pangs, June 22-26, 1926. 
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ment and practical connections to a line are discussed. The 
tru < 


heory regarding these transients but very little veri- 


to be kept in a dark box. 


The klydonograph? was the successful . 


ecord of detailed information regarding magnitude, 


he je Klydonograph and Its Application £0 Surge 
Investigation 


J. W. LEGG: 


_ Associate, A. I. E. E. 


Parts II and IV describe the first experimental model of the 
klydonograph which uses a stationary glass photographic plate un 
removable plateholders with a moving electrode, arid the commercial 
type of klydonograph which uses a day-light loading roll film of 
sufficient length to last seven days. This latter model has three 


electrodes for connection to a three-phase line. 
* * * * * 


with a plate of insulating material such as ebonite 
between it and a grounded metallic plate, and particular 
kinds of powder, such as flour of sulphur, were 
sprinkled on the insulating plate, the powder would 
arrange itself about the position of the terminal in a 
distinctive and consistent manner. The powder could 
be applied either before of after the discharge. Figures 
thus formed are called Lichtenberg figures. 

Since the original observations, there has followed a 
long series of investigations on these figures. In 1888, 


‘J. Brown and E. Trouvelot discovered that these 


figures could be produced by replacing the insulating 
plate with.a photographic plate, the emulsion being in 
contact with the terminal. The plate, of course, had 
The glass plate acted as the 
insulating material and the emulsion, when developed, 
replaced the dust. It was found that figures thus 
produced were more definite and clean cut than those 
produced by the use of dust. The most recent and 
most complete exposition of the Lichtenberg figures 
was that by P. O. Pederson of Copenhagen, Denmark, 
in.a paper for ‘Det Kgl. Danske Videnskabernes 
Selskab, 1919.” This-paper carefully analyzes the > 
characteristics of the figures and gives a number of 
curves of these characteristics. However, the curves 
are small, only indicate the general shape of the varia- 
tions, and are not suitable for calibration. The method 
used by Pederson was that developed by S. Mikola in 
LOTT | 

Considerable investigation has been made, but with | 
little success, to determine the nature of the phenomena — 
that causes these figures. No attempt was made in the 
development of the klydonograph to explain the 
phenomena, but the work was confined to a study of the 
characteristics of the figures for their use in gaining 
information regarding surges. As far as was 
known, Lichtenberg figures had been used only in 
an academic way and never for the measurement of 
transients as such. 


The essential elements. of the klydonograph are 
shown in Fig. 1. The form in which these were as- 
sembled for the laboratory work is shown in Fig. 2. 
This laboratory instrument had six terminals and took 
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COX AND LEGG: THE KLYDONOGRAPH 


a5 in. by 7 in. plate. It is not suitable for commercial 
work, as it is not graphic. For this work, it was found 
that any plate of high photographic speed was satis- 
factory. No work was done using dust figures. 


_ Photo Plate 


'-Metal Plate 


Fig. 1—ELEMENTS oF TaE KLYDONOGRAPH 


Characteristics. When a voltage above the critical 
voltage is impressed between A and B of Fig. 1, and the 
plate developed, a figure will be found surrounding the 


Fig. 2—LABporatTory KiYDONOGRAPH 


spot where the terminal has been in contact. The 
critical voltage is approximately 2.0 kv., below which, 
at atmospheric pressure, no figure is produced. The 


<—_— 


Fie. 3—TypicaL Wavss: (a) ABRupT, (b) SLOPING, 
: (c) ALTERNATING | 


figures consist of branches, or lines, emanating uni- 
formly from the center. They maintain this form up 
to about 18 kv., when, in addition to the uniform 
branches, main trunks extend out from the center and 
in turn act as emission points for other branches. 


These trunks do not form in a consistent manner as do 


the branches. If the voltage is further increased a 
point will be reached where a visible spark will occur 
and the entire plate will become exposed. If the voltage 
impressed is unidirectional there will be a striking 
difference between the figures produced by positive and 
negative potentials. In the case of an oscillating. 
voltage the two will be superimposed. By the figures 


one may also distinguish between an abrupt-front surge, 
such as indicated in Fig. 3A, and a tapered-front surge, 


as indicated in Fig. 8B. Figs. 4 and 5 show a positive a 
and a negative surge, respectivgly, having a front ag - 
abrupt as could be produced by ordinary means in the — 
laboratory. Figs. 6 and 7 show a positive and a nega. 


Fig. 4—Positive Surag, Fig. 5—NeEGATIVE SurgsE. 
' » 
ABRUPT FRONT ABRUPT FRONT 


v 


Fic. 6—Positive Surges, Five- Fic. 7—Nergative Surcg, 
Microseconnb Front Five-Microsrconp FRont 


Fig. 8—Positive Suras, 200- Fig. 9—Necative Surags, - 


MIcROSECOND F'ROoNT 200-MicROSECOND FRONT 


Fig.10—Posirive SurcE,ABOvE Fic. 11—Nucative Surce, q 


RANGE OF INSTRUMENT - ABOVE RANGE OF INSTRUMENT 


tive surge, respectively, having a front of five micro-. 


seconds; that is, it required five-millionths of a second q 


to rise from. zero to its maximum value. This corre- 
sponds to a traveling wave having a front of one mile 
on a transmission line. Figs. 8 and 9 show similar 
surges having fronts of 200 microseconds or 40 miles. 
Distinct differences in the figures formed by these three 
lengths of wave front can be noticed. Figs. 10 and 11 


130 


Transactions A. I. Ei Rh — 


ee F 
7 | 


925 
4 ositive and a negative surge that were above 
wap f the instrument. Fig. 12 shows a figure 
ue oe ° an alternating potential such as in Fig. 3c. 
: uced E by P. O. Pederson goes into considerable 
Be sing the make-up of the figures and their 
ee one to differences in plate thickness and 
a - surrounding gas. In this development, these 


Fic. 12—ALTERNATING VOLTAGE 


Rees were investigated only to the extent of deter- 
ming that the figures were practically constant within 
s range of atmospheric pressure in air and of thick- 


a 
‘ 


6.13—Positive Figures, 30 Fic. 14—Necative Figures, 
SECONDS BETWEEN SuRGES 30 SEconps BETWEEN SuRGES 


asses of commercial photographie plates. Further 
ecial tests were made and it was found that, so far 
could be detected, the figures were identical whether 


z 
i: 


“g 15—Positive Figures, Fic. 16—Neeative Ficures, 

"RMINAL Movep Between TERMINAL Movep Bz- 

4 SURGES TWEEN SURGES 

educed in fairly dry or in saturated air, and whether 

ae were developed immediately or after a lapse 
. days. According to Dr. Pederson, in order 

Bio Fd, figure the voltage must be impulsive so 

ras: uce an intense field on the surface of the plate. 

a Ound that a 25-cycle wave would produce a figure _ 


| 
a 
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of the same size as a wave of short front. However, 
if a d-c. potential was gradually applied, the figure 
produced: was peculiar in shape and did not confrom 
to the calibration curve in size. 

Tests were made to determine whether or not one 
application affected the plate to succeeding applica- 
tions: The rays or branches of a single figure never 


cross. It was suggested that if one surge were recorded 
‘and a comparatively short time later another surge 


appeared, the figures might not overlap and the second 
surge would make no impression. Tests were made 


8) L 


Rj 


SS Surge Generator 


Fie. 17—Networx Usrep 1n LABORATORY 


which proved that one impression has no effect on 
succeeding records. If two surges are impressed 
simultaneously on adjacent terminals, the figures will 
not overlap. If a surge is applied on the position of a 
previous surge it superimposes its figure exactly as if 
there had been no previous figure and the rays of the 
two figures cross each other promiscuously. In this 
manner a succession of figures merely increases the 
density and with a large number the spot becomes 
black. This is what happens in an a-c. figure. Figs. 
18 and 14: show positive and negative surges, respect- 
ively, where one surge was impressed and a few 
seconds later a surge was impressed on the adjacent 
terminal. Figs. 15 and 16 show similar surges where 
there was a similar interval and each terminal was in 
contact with the plate only when the surge was im- 


MAGNITUDE 


UL SOs errr nd 


Fig. 18—TypicAL SurGE Propucrep spy NETWORK oF Fia. 17 


pressed. Further, the size of each succeeding figure 
was determined only by the applied voltage. This was 
checked by applying surges of equal values a various 
number of times, one to six, on the six terminals of 
the instrument. The figures were of the same size 
and only differed in intensity. 

Calibration. Fig. 17 shows the network used in the 
laboratory as a surge generator in the development of 
the klydonograph. Fig. 18 shows the shape of a typical 
surge as calculated from the constants of the network. 
By varying the constants of the network a surge of any 
desired wave shape could be produced... It was found 
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to be no easy matter to obtain surges of the desired 
characteristics. The greatest trouble was encountered 
with the reflections of the initial traveling wave. 
Before the condenser, ¢c3, at the end of the network, was 
added, when the sphere-gap sparked over a wave 
would proceed out through the series inductance and 
when it hit the klydonograph it would reflect with 
increased voltage. The klydonograph itself forms a 
small condenser so an oscillation would be set up in 
the circuit. The klydonograph would record these 
oscillations. Further, due to the reflection the klydono- 
graph would record a higher voltage than the setting 
of the spark-gap. By placing the condenser c; in 
parallel with the klydonograph the initial wave would 
be absorbed. This would be reflected but in this case 
since the surges were tapered, it did no harm and would 
- join with the principal part of the surge in bringing the 
voltage up to the proper value. However, it was found 
necessary to place resistance R; in series with the 
klydonograph to critically damp the loop consisting of 
leads, klydonograph and c¢; to prevent small reflections 
at the plate. This did not disturb results as a non- 
inductive resistance was used and the voltage drop was 
negligible since the current was very small. 
interesting to notice that a sphere-gap would not indi- 
cate these reflections but the klydonograph would. 
To obtain the desired setting the klydonograph was 
removed and gap gs inserted and set at the desired 
voltage. Gap g, was then varied until g, would just 
spark over at the breakdown of g;. Gap g2 was then 
replaced by the klydonograph, and leaving g, asset, a 
series of figures were made. 

The diameter of the figure is a measure of the magni- 
tude of the surge. Positive and negative surges have 
quite different calibrations, a positive figure being 
considerably larger for the same voltage.- Since the 
_ positive is the larger, the a-c. calibration is the same as 
the positive. All the work for the calibration curves 
was done with five-microsecond and 200-microsecond 
surges. Tests were made which indicated that for a 
surge with a front as long as 5 microseconds the time 
lag of the measuring sphere-gap was negligible. In 
addition to this, the characteristics of the surge genera- 
tor used gave a surge with a comparatively flat top. It 
was found that the calibration was the same for uni- 
directional surges of both these wave fronts of each 
polarity as well as for a 60-cycle and a 25-cycle a-e. 
wave. It was realized that even with no coil inserted, 
the inductance of the leads and the time lag of a sphere- 
gap would give a slight taper to the wave. The 
figures shown as abrupt-front surges were as abrupt as 
could be made with ordinary methods. They were 
-made with no inductance between the spark-gap and 
klydonograph except that: of-a-short lead. It takes 
a certain time for a sphere-gap to break down and 
become highly conductive, so it was felt that surges 
thus produced could not be called absolutely abrupt 
nor be depended upon to be of the same degree of 
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up from the results of a great many settings for a given 


It was — 


—used to discharge the condenser played no part as the: 


&, 
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the speed of light. If the lines were of equal 

ely he wave would arrive at the ends at the same 
7 ic a 20 and 21 show positive and negative 
‘2 tively, made with equal length lines. 

ne between the two figures was distinct 
itive in that its position was con-— 
Tests were then made 
Figs. 22, 28, 


steepness. They were, therefore, not used in cal btion 
work. : 
It was found in calibrating that the radius of a flows 
made at a setting of the generator would vary as much 
as 20 per cent from the average reading of the same — 
value but most.of them were within 10 per cent of thee | 
average. This would not seem to be very accurate at 
first glance, but it is maintained that the variation, wag : 


res, respec 
he division li 
q its action pos! 

s with repeated trials. 
| Fac one line longer than the other. 
LV) 


impressed in the voltage due to inaccurate setting of a 24 show surges impressed on unequal lines. Fig. 
the spark-gap and inaccuracies in the method used, and q is for a positive surge with A’ = 30 ft, and X = 50 
not in the figure made by the klydonograph at a given j From the rate of propagation of a surge on an aerial 


ne this difference of 20 ft. represents a time interval 
a 2 by 10-8, or twenty billionths ofasecond. Itis tobe 
| ticed that the surge from the shorter line took posses- 
sn of more than one-half the space between the figures. 
g. 93 is for a positive surge with A = 50 ft. and 
M40 ft. This difference of 90 ft. corresponded 
4 difference in time of the arrival of the wave at the 
ast trument of 9 by 10-8 seconds or ninety billionths 
, A second. It is noted here that A is practically fully 
eV eloped when the wave arrived at X, so that the 
pure became nearly complete in ninety billionths of a 
4 ond. Tests were made varying the difference in 


voltage. The network would be set for a given voltage | 
and condition of surge. The voltage was tested in the - 
position of the klydonograph by a sphere-gap. A — 
series of pictures would then be taken and the network g 
changed to some other value. The curves were made | 


value.. These settings were made on different days J 
over months and it is impossible toduplicatesuch a set. © 

up with exactness. The basis for attributing the error — 
to set-up rather than klydonograph is the fact that — 
for a single setting the variation between the figures was 4 


Surge Generator xX A 
: ©) = ydonogiaph 
19—ARRANGEMENT Usep to Measure SuHort-Time _ 
INTERVALS 4 
(a) SurcE Generator (b) Two-TERMINAL KLYDONOGRAPH 


Fig. 


exceedingly small. To test this quality further, surges — | 4 
were thrown on six leads connected to the six terminals a 
of the test instrument, simultaneously, and in practi- ~ 4 
cally every case there were no variations that could be - 
measured. In the few cases where there were measur- © 
able variations, these variations were very slight. 

Rapidity. Since-surges may be of extremely short — 
duration it was highly important that the klydonograph — 
be a rapid instrument. Many tests were made to 
determine the speed of formation of the figures+ The 
diagram of the set-up used to obtain these data is shown — 
in Fig. 19. This merely consisted of a circuit which — 
discharged a condenser through a sphere-gap into two — 
open-wire lines which were shunted to ground by 
a high resistance. The lines A and X were connected — 
at the far end to a special klydonograph having two — 
3g-in. terminals in contact with the plate at a short ~ 
distance apart. The time lag of the sphere-gaPp — 


20—Positive Figures ImprEsseD Over Equat LINES 
ey eae 


4 lengths and the speed of the figures was found to 
© consistent. 
+= 50 ft, X = 60 ft. The negative figures were 
a} md to ihe the slower by about five times. This is 
vident from a comparison of Figs. 22 and 24. How- 
ver, either is amply rapid for the purpose of recording 
ractical surges. 

It was interesting to note the evidence of the tapering 
i the wave front as it traveled down the line even in 
U ich Short distances as 100 ft. Fig. 20 shows the two 
sures made with lines of equal length to be identical 
if Perm. On the other hand, Fig. 23 shows the figure 
Produced at the end of the longer line as indicating, by 
! S form, a longer wave-front than the other. 
Since it takes time for a spark-gap to spark over and 
“ome highly conductive, the surges were somewhat 
: wpered, and if the lines were. short the reflection of the 
a Of the wave would return from the shorter line and 
rb results. In fact this would sometimes cause the 


data obtained was of conditions after the gap had — 
broken down. When the sphere-gap broke down 2 — 
surge was impressed on the two lines simultaneously; j 
and would proceed as a traveling wave at approx | 


Fig. 24 is for a negative surge with 
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figure to form on the more distant terminal first: 


Therefore, the lines had to be long enough so that the 
complete wave would arrive before the reflected wave 
of the shorter line disturbed the principal wave. When 
a wave strikes the open end of a line, it theoretically 
doubles. The voltage was found to increase at the end 
of the line but did not double in value except where the 
line was of considerable length. Lines could not be 
made long enough so that the entire wave front could 


FIGURES 


Fic. 21—Necative Figures 22—PosITIVE 
Impressep Over EQuaL IMPRESSED. OVER UNEQUAL 
- Lines LINES 
A=X ‘Ag = 30 X = 50 


Fic. 


start before the reflected foot of the wave would return 
and complicate the wave. In order to cut down this” 
reflection as much as possible, a resistance equal to the 
surge impedance of the line was placed in- parallel with 
the klydonograph. This was found to absorb the wave | 
with practically no reflection and the true surge would 
be recorded with no increase in voltage. Before this 
grounding impedance was added, it was interesting 
to note that a sphere-gap at the end of the line, while it 
indicated a rise in voltage would not indicate the full 


23—PosiTIvE FIGURES 24—-_NEGATIVE FIGURES 


Fra. Fia. 
IMPRESSED OVER UNEQUAL IMPRESSED OVER UNEQUAL 
LINES _ LIngEs ! 
A = 50 xX = 140 A = 30 xX = 60 


value of the reflection as recorded on the klydonograph. 
In the case of a long line, the klydonograph indicated 
practically double voltage. 

Extensive tests were made by Pederson to measure 
the speed of formation of the figures, that is, the rate 
at which the figures grow from the center outwards. 
This he found to vary somewhat with the distance 
from the center and with the voltage, but to remain of 
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the same order of magnitude. 
values: 

Speed at 8 kv. positive — 4 by 10’ cm. per sec. 
«© 8 kv. negative— 1 by 10’ em. per sec. 
“© I5 kv. positive —6.5 by 107 cm. per sec. 

“« 15 kv. negative—2.8 by 10’ cm. per sec. 

Special Applications. The. Lichtenberg figure 

promises, in addition to its use in surge investigation 
on transmission systems, to be a valuable aid in special 
tests both in the laboratory and field. It can be used 
in the measurement of exceedingly small time intervals 


-. Fig. 25—Syncuronous KiyponoGraPu 
wherever a capacity of the order of 10-4 farads is 
negligible and the voltage is above 2.5 kv. Some work 
has been done by P. O. Pederson on the time lag of a 
spark-gap. There has not been time, since the develop- 
ment of the klydonograph, for much special investi- 
gation, using it as an instrument. Fig. 25 shows a 


Fig. 26—Ficure Propucrep py SYNCHRONOUS KLYDONOGRAPH 


synchronous klydonograph which was developed for the 
purpose of separating the positive and negative figures 
of an a-c. wave. Fig. 26 shows a typical picture pro- 
duced by a 60-cycle wave. : 

Electrostatic Potentiometer. 'To beapplicable to trans- 
mission systems in general the instrument must have 
a wide range of voltage. The range of the instrument 
i tself is from 2.5 kv. to 18 kv. Since the instrument 
is an exceedingly low current device, it can be con- 
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He gives the following nected by means of an electrostatic potentiometer to 1 

lines of practically any voltage without introducing an. 
insulation hazard. An electromagnetic multiplier tig. “| 
of course, out of the question, since there must be no . 


time lag. Fig. 27 shows a satisfactory method of 
connecting the klydonograph to a line. 


LINE 


Fig. 27—Di1aGRAM or ELEctTRosTatTic PoTENTIOMETER 


proportion of the potential on the upper ring. Aklydon: | | 


ograph connected in this manner will record figures 

giving the magnitude and polarity of the surges. 
A gap in series with the instrument may be included 

as shown, or left out as desired. 


which is in the same ratio to normal as the setting of 
the gap is to the normal voltage on the lower ring. If. 


no gap is used, there will be a uniform band on the plate . 
corresponding in width to the diameter of the positive | 
figure at the normal voltage on the lower ring. A’ 


surge figure will then be superimposed on this band. 
The width of the band will also indicate wide variation 
in line voltage. Whether or not the instrument is 
operated with a series-gap, the potentiometer must be 
calibrated with the gap closed. The reason for this 
is that the capacity of the instrument, while small, 


cannot be ignored in comparison with that of a practical _ 


low potential ring. The voltage on the lower ring 


alter the gap breaks down is not the same as before — 


since there is a division of charge. 


LINE 


Fig. 28—Dr1acram on ANTENNA 

Antenna. While some idea of the steepness of wave 
front can be gained from the appearance of the figures 
obtained on the potentiometer instruments, this is 
extremely approximate. Fig. 28 shows a means of — 
connection that will give the steepness of wave front 
more accurately. This consists of running a wire 


parallel to the transmission-line conductors as close 


as 18 consistent with the insulation requirements, 


i, 
om 
i 
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onn¢ The lower — ° 
ring in this set-up will maintain at all times the same _ 


If included there will — 
be no record except in case of a surge the voltage of 
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q one end solidly and the other end through a 
nding Fence. “The klydonograph is connected 
aa impedance and if the impedance is high 
, ss ad to the impedance of the antenna loop itself, 
% Sonograph will measure any voltage above 2.5 
a h may be induced in the loop. This antenna 
yy a have a certain mutual inductance in relation 
‘ q various conductors of the transmission line. 
» given distance the length is varied to give ‘the 
ed amount. The voltage induced in the antenna 
“g al to di/dt on the transmission 


oy will be proportion 
Yh a is proportional to the steepness of the 


lways equal to the voltage divided by 
> surge impedance of the line and the wave shape is 
s same. Therefore, the steepness of the voltage 
on x front d V/dt can be calculated by the relation 


he current 1s a 


Zo 
» where 


J/dt : 
s — Voltage induced in antenna loop 

' Mu = Mutual inductance between loop and line 
| conductor . 3 

Zy = Surge impedance of line conductor calculated 
4 with respect to the ground 

By a comparison of the polarity of simultaneous 
adings on the klydonograph connected to. the line 
rough the electrostatic potentiometers and that con- 
acted on the antenna, the direction of travel can be 
stermined. That is, a surge of a particular polarity 
; Il induce a potential of one polarity in the antenna 
: tra veling in one direction, and of the opposite polarity 
i traveling in the other direction. The direction is 
eadily determined from an examination of the con- 
tions. Thus, magnitude and polarity are obtained 
rectly from the potentiometer klydonographs, steep- 
Ss of wave front from the antenna klydonograph, and 
ie direction of travel from a comparison of the polarity 
i the two. | 7 
I. PRELIMINARY FIELD MODEL, PLATE TYPE 
A ime component must be added to the camera al- 
ady described before the sanie is effective in obtain- 
Ig data on disturbances in transmission systems. To 
tain a time component, the electrode must move 
lative to the plate or photographic film. Hither the 
ate may move and the electrode remain at rest, or the 
ectrode may move while the plate remains at rest. 


Kadvantages. If the plate is the moving element, 
€ electrode capacity to ground may be kept a mini- 


uTMage of the moving plate. The apparatus asa whole 
Cumbersome and is not readily loaded without taking 
... part of it into a dark room. 
_ Gtionary Plate. The first field model, Fig. 29, 
* made with a stationary plate in a removable 


& 


5: that is, is ay 
a wave. Under traveling wave conditions the 
Bt and voltage waves are absolutely inseparable. — 


ach of these two cases has its advantages and its . 


um, but the case must be large enough to clear the ~ 
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holder, enclosed within the same light-tight cabinet 
with the clock-driven electrode. The holder was of the 
single-plate type having a stiff metal bottom. Above 
this metal bottom was a sheet of soft felt, cut away at 
the center so as to press a very thin disk of hard-sheet- 
metal against the under surface of the active part of the 
photographic plate. The metal disk was grounded 
through the plate holder bottom, and did not extend 
to the edges of the photographic plate. Thus, a 
uniform capacity was assured, and sufficient insulation 
between the electrode and ground. A number of these 
removable plate-holders were provided for eachrecorder. 

Clock Driven Electrode. A one-day clock was used 
in most recorders, driving the electrode in a ‘7-in. 
circle, one revolution in 24 hours. A few instruments 
were equipped with 7-day clocks making one revolution 
in 168 hours. The electrode was mounted vertically 
near the edge of a light disk of insulating material, 
having a wire-collector ring on its periphery. The 


lead-in terminal, passing through an insulating bushing 


Fig. 29—Puarre-Tyezr KuyponoGrapH, SHOWING RorTaTING 
ELECTRODE AND Hour CIRCLE 


in the case, had a brush on the bottom end which bore 
on the collector and thus carried the potential to be 
measured to the electrode proper. This electrode was 
free to move up and down and pressed on the sensitive 
side of the photographic plate with its own weight only. 

Time Locating Device. In order that the time at 
which each surge occurred might be known by a glance 
at the finished photographic plate, a photographic — 
template was prepared with opaque background and 
transparent dial and figures. All klydonograph plates 
were exposed to light with this template over them, so 
that when the plate was developed a circular scale, 
marked in 24 hours with “MIDNIGHT” at top and 
“NOON” at bottom, appeared. An hour circle on 
the electrode disk was also graduated into 24 hours. 
If this was set correctly before starting the test, by 
slipping the friction clutch on the clock shaft until the 
figures on the disk corresponded to true time, the 
klydonograph figures would appear after development 
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in their proper time relation with the scale on the plate. 
The instrument was inverted to set the electrode 
disk through a large hole in bottom of the case, and 
before turning the instrument right side up the plate 
holder was inserted. The removal of the rubber slide 
from the plate holder permitted the electrode to drop 
_ to the sensitive surface of the photographic plate, and 
thus be in condition to take a klydonogram. After 
a 24-hour test, the instrument was again inverted, the 
rubber slide replaced, and the plate holder removed. 


Ill. FIELD EXPERIENCE 


Instrument. Since the film-type instrument has only 
now been made available, all the field work has been 


Fig. 380—30-Kv. Evecrrostatic PoreNnTIOMETER 


done using the moving electrode, plate-type of klydon- 
ograph. With the electrode speed of this instrument, 
the time of a record could not be distinguished to a 
greater accuracy than 15 min. No practical attach- 


| Fie. 381—140-Kv. Evectrrostatic PotenTIOMETER 


ment could be made with this type of instrument to 
speed up the electrode. Besides, this would have 
required changing of plates more frequently than once 
a day which would have unduly increased the expense 
of material and labor. When an operation is per- 
formed on a line requiring several switches to be thrown 
at various points, these are often thrown at intervals 
of a minute or so. Where a: figure was recorded at the 
time of such a performance it was impossible to assign 
any particular operation as the cause. In order to 
obtain more concrete information as to the causes of 
surges, arrangements were made to have switches 
thrown at 15 min. intervals, when an operation was 


required, for certain periods during tests. 


recorded. 
Potentiometers. 
rings which were used on the 26,400-volt system. 


in. above the ground plate. 


with normal voltage on the upper ring. This proved 
to be about 15 in. above the ground plate. For the 


higher values of voltage, the high potential element was 


raised and the ratio of distances changed to fulfill both 
the insulation and calibration requirements. 


voltage. Six- to eight-feet rings were used on the 
higher voltage lines. 
on the 140-kv. line and Fig. 32 shows the set-up used 
on the 220-kv. line. The height of the upper ring was 
between 8 and 12 ft. from the ground plate and the 
lower ring about 15 in., as before, to give 3-kv. crest 
with normal voltage on the upper ring. 


Fie., 32—220-Kv. Ex.rectrostatic PoTenrTIOMETER 

In order to make the position of the ground beneath 
the rings constant, the rings were mounted on a metallic 
sheet consisting of either sheet iron or close-woven 
mesh. This ground plate was made large.enough to 
extend about a foot beyond the outside circumference 
of the rings and solidly grounded. 

An alternate form of potentiometer, shown in Fig. 


33, was found feasible on the 220-kv. test and was used q 


at three of the stations. The station busses on this 
system consisted of 4-in. iron pipes mounted parallel 
to, and 12 ft. from, the ground. A 10-ft. length of 3-in. 


iron pipe was mounted on insulators parallel to the bus 
at the proper distance above the ground plate, which . 


was a 10- by 9-ft. plate of sheet iron lying on the 
ground and tied solidly to the station ground. This 
form of potentiometer has certain disadvantages which 
will be pointed out later. 

The potentiometers were calibrated by measuring the 
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During 
such periods much more satisfactory information wag — 
obtained as to the causes and actions of the surges qa 


Fig. 30 shows the potentonictan 4 
It @ 
was found that a 80-in. ring of 2-in. iron pipe, mounted g 
as shown, was satisfactory on this class of voltage, a 
The high potential element was mounted about 30 4 
The lower ring was placed 
at such a height that it had a potential of 3-kv. crest 


Thus, to: 
keep the proportions reasonable and a more uniform 
field, the sizes of the rings were increased with the — 


Fig. 31 shows the set-up used ” 


7 q : wer ring with a 34-in. sphere-gap with 


Bi voltage on the upper ring. When no series-gap 


: ed, this calibration can be roughly checked by the 
1 B of the normal voltage line on the plate. With 
| sotentiometer set to give 3-kv. crest with normal 
, Pliage the upper limit of the instrument, or 18-kv. 
T permits the measurement of a surge of six times 


al voltage 


: a nal before the instrument will spark over. 


Fic. 33—220-Kv. Bus Type PoTENTIOMETER 


q 


+ first some difficulty was  pgpiicited as a result of 
librating the potentiometers with the series-gap open. 
was found that when a surge just high enough to 
eak down the gap occurred, the figure on the plate 
dicated a somewhat lower voltage than the gap 
ting. The instrument itself had approximately 
5 by 10-"-farads capacity. By voltage tests with and 
} thout a series-gap the capacity of the lower poten- 
ometer element to ground, in the case of the bus type, 
vas about 125 by 10--farads. Thus, there was a 
duction of voltage on the klydonograph bus of about 


6. 34—Secrion or Puate Witnout Serius Gap. Oscina- 


TORY SURGE 


) Per cent upon breakdown of the gap. This error 
\ as eliminated by doing all calibration of the potentio- 
eter with the instrument in place and the series-gap 
lose. It was also found that due to the capacities 
. various elements in series it took a voltage 15 
r T Cent above the setting of the gap to spark it over. 
dent began to record and could be taken care of by 
vanging the gap setting. On two of the tests the 


{ 
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and the recording of a surge eight times — 


I is merely altered the lower limit at which the instru-_ 
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series-gap was used and on the other two it was not. 
When no gap is used the smaller negative records are 
obscured by the band of normal positive figures. 
However, these are not important since a negative 
surge large enough to cause concern would. show itself _ 
above this band. To operate without a series-gap gives 
a continuous check on the calibration of the potentio- 


‘meters, a check on wide variations of the line voltage, 
‘and indicates a static potential on the line where this 


occurs. Fig. 34 is a section of a plate taken with the 


-klydonograph operating without a series-gap. The 


surge shown indicates an oscillating surge. Fig. 35 
is a section of a plate where a series-gap was used. The 
surge shown indicates a positive surge. 


It was found that on a polyphase set-up the poten- 
tiometers must be set at some distances apart to pre- 
vent mutual effects between them. This presents no 
particular difficulty when rings are used as these can 
generally be placed at intervals along the line. In the 
case of the bus-type potentiometer, the separation of 
the station busses being fixed, this effect cannot be 
avoided. This makes the latter type a less accurate 


Fig. 35—Srcrion or PLATE witH SERIES Gap. POSITIVE 
SURGE 
set-up. It was found that in a particular case, where 


the height above ground was 12 ft. and the separation 
was 12 ft., one bus would affect the pipe of an adjacent | 
bus to an extent of about 30 per cent. It was assumed 
in general that, except in the case of a lightning surge, 

a surge'was unlikely to occur on two phases simultane- 
ously and that, therefore, the calibration was correct 
when made with the adjacent busses dead. 

In situations where the potentiometers were out in 
the weather, it was found to be imperative for all 
metallic parts to be painted. When this was neglected, 
the rust, running down on the supporting insulators, 
would create leakage and drop the potential on the 
lower ring to very low values. ; 

Antenna. It was found that where the transmission 
line had a ground wire, this was generally in sufficiently 
close proximity to the line to act as an antenna. By 
insulating the wire on one tower, extending it down 
and grounding it through a suitable resistance, the 
antenna loop was complete. This could be made: 
as long as desired by insulating the wire from as many 
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towers adjacent to'the end tower as necessary. Fig. on four systems representing a wide range of conditions 4 


36 shows an antenna set-up effected in this way. On 
lines where no ground wire was used, it was a simple 
matter to mount a wire on the transmission line poles 
or towers. 

The antenna loop had a definite mutual inductance 
with each conductor and could be calculated with fair 
accuracy. At a fixed separation this can be varied by 
changing the length of the loop. At a given value of 
mutual inductance, the range of the klydonograph 
permits only a given range of steepness of wave fronts 
to be recorded. Such a value of mutual inductance 
was chosen that the steepest of the wave fronts en- 
countered would not cause a flashover of the plate. 
A surge with a front too tapered to come within the 
- range of the klydonograph with such a set-up was 
probably not abrupt enough to be serious. 

The value of the mutual inductance with the various 
conductors was found to vary about 25 per cent in 
practical cases due to their different positions. In 


Fig. 36—ANTENNA CONNECTION ON 220-Kv. LINE 


the case of an antenna record with a simultaneous 
potentiometer record on a particular phase, the mutual 
inductance with that phase was used in calculating 
-adV/dt. Inthe case of a record caused by a steep-front 
_surge, too small in magnitude to be recorded by the 
potentiometers, an average value of mutual inductance 
was used. In the case of simultaneous waves on the 
three conductors, the effects add algebraically. It was 


caused by a switching operation would not be simul- 
taneous when considering the propagation speed of 
electric waves. When the evidence indicated a light- 
ning surge, the sum of the three mutual inductances 
was used. : 

Tests and Results. While up to the present. writing 
_ there has not been time for as much field experience as 
could be desired, rather extensive tests have been made 


~ ae 
‘42 Cae 


> : ~ s< : “ vie ~ 
’ , 


of electric power transmission. 


a. These tests were made on a 26,400-volt system, 
consisting of connected cable and open wire. Ground. — 
ing was varied between solid and 150-ohm resistance. — 
One instrument was installed on one phase at a sub. 
station having-cables extending in each direction ang — 
another instrument on the same phase on the open. . 
wire line, 18 miles from the junction of cable to open. 


wire. The tests were continued 20 days. 


line. 


tripped by the disturbances. 
an electric storm was 1.3 times normal. 


three came in clear weather and five during rain. 


b. These tests were made on a 27,400-volt cable 
system. Only one instrument was installed at a pot | 
head of a station with cables extending in both direc- — 
tions. The system was solidly grounded at one point ~ 
approximately 10 mi. from the klydonograph. The ~ 


duration of the test was 104 days. | 


During this investigation, 24 surges were recorded. © 
One was 1.5 times normal, onewas 1.4 times normal, and ~ 
Nine occurred in rain ~ 
The probable cause of the surge — 
1.5 times normal was a switch operation within three — 
The 1.4 times normal surge ~ 


22 were 1.3 times normal or less. 
and 15 on clear days. 


miles of the instrument. 
occurred during switching operations. 

C. 
open-wire line with a free neutral. 


tests was 65 continuous days. 


During this investigation, 124 surges were recorded on ~ 
Of these, 22 were at — 
"pea station, 27 at the — 
ceiving end. Fifty-four — 
of these were 1.4 times normal or above and were — 


‘the potentiometer instruments. 
the sending end, eight at the 
third station, and 67 at the r 


distributed according to Table No. I. 
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During this 20-day investigation 18 surges were — 
recorded. THe largest number in one day was three, — 
All were obtained on the instrument on the open-wire — 
A possible reason for this was the fact that the 4 
potentiometer was not painted for the greater part of — 
the tests on the instrument recording no surges, with — 
the resultant lowering of the calibration. Of these 
surges, seven were alternating, seven were positive, and — 
four negative. As to magnitude of voltage, two were © 
twice normal, six were ‘1.5 times normal,and ten were 
1.3 times normal or less. As to weather conditions, — 
eight occurred in clear weather, seven during rain, two — 
in cloudy weather, and one during an electric storm, — 
Both surges twice normal came during rain and wind, ~ 
As to attendant causes, the two surges twice normal — 
were not caused by a switch operation but switches were — 
The one surge during © 
Of the total, — 
nine were caused by switching and one by lightning. ~ 
No cause could, be assigned to the remainder, of which — 


These tests were made on a 240-mile, 140-kv. © 
Three instruments — 
each on potentiometers were installed at the receiving — 
end, 65.5 mi. and 193 mi. from the receiving end and at — 


assumed that, in general, surges on three conductors the sending end. One antenna instrument was in| 
stalled at the: receiving end. The duration of these — 


fe 192 5 


TABLE NO. I 


_ ae Sending Second Third Receiving 
urge ee cnal _ end Station | Station end 
¢imes i Rie ELSA bs Siti | MTR ont Hema 0 ba ai iy RAS RS EO 
a F 
ea 5 to 4.2 1 2 6 
9.0 to 2. 5 : 
m0 ¢ 5 3 4. 15 


By. 4 to 2.0 


In only two cases were surges recorded at more than 
ne station simultaneously. In both of these cases, the 
Bc was oscillatory and the maximum values of the 
surges we j 
these 54 separate - figures, 15 were alternating 
Al sed by three surges; that is, some surges occurred 
mn more than one phase and extended to more than 
me station; 21 were positive, caused by 13 surges, and 
18 were negative caused by 18 surges. 


me of these caused figures at more than one station. 
Lightning caused nine positive figures, all at the re- 
seiving end, in four surges, with maximum values of 
12, 2.5, 1.5 and 1.3 times normal. No negative figures 
were caused by lightning. The other surge that was 
recorded at more than one station, causing seven figures 
n all, was caused by a telephone wire falling into and 
srounding one phase at about the middle of the line. 
The maximum value of the surge was 4.2 times normal 
at the receiving end. 
Of the 54 figures, 1.4 times normal or above, switch- 
ing caused nine. None of these were over two times 
normal. To about 80 per cent of the 70 figures below 
14 times normal, no cause could be assigned. The 
thers occurred at times of switch operations. 

Except for a few mild lightning storms, the weather 
was in general fair. irae: | 
‘The steepnesses of a total of 106 surges were recorded 


these, 16 were simultaneous with records of magnitude 
on the potentiometer instruments. The maximum 
was due to one of the oscillating surges caused by light- 
hing and was 28 by 10°-kv. per sec. or indicated a fre- 
quency of 16,000 cycles. The next largest was due to 
an arcing ground and indicated 24 by 10*-kv. per sec. 
or 9000 cycles. The steepest front surge caused by 
switching had a slope of 14 by 10°-kv. per sec. and was 
an ldirectional. Of the six lightning surges on the 
botentiometer, there were four to which there were 
“rresponding antenna records. Of the 90 antenna 


I 


sures with no simultaneous figures on the potentio- 
meters, 20 could be connected with switching opera- 
“Ons. There was no apparent cause for the remainder. 
q The varying relationship between the widths of the 
4 Sitive and negative portions of the normal voltage 
pend Indicated that this system would pick up and 
;Wutain for several hours a static potential of one or 
me other polarity. 

This Investigation has not been completed. 


é 


re 4.2 and 2.8 times normal, respectively. 


Lightning caused nine a-c. figures in two surges, 
maximum values 3.3 and 2.8 times normal. Only 


on the antenna instrument at the receiving end. Of | 
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d. These tests were made on a 270-mi., 220-kv., 
open-wire line with neutral solidly grounded at four 
points along its length. Klydonographs were installed 
as follows: three on potentiometers at the sending end, 
three on potentiometers and one on an antenna at 
stations 105 mi. from the sending end, 140 mi. from 
the sending end; and at the receiving end. Tests were 
made on 120 days, covering 414 months. 

The results of this investigation are being discussed 
in a contemporary paper by R. J. C. Wood, of the 
Southern California Edison Company. They will 
therefore not be discussed in detail here. There was 
an unusual amount of system switching performed 
during the investigation and a resulting large number 
of surges were recorded. However, none of these were 
of alarming magnitude. The maximum surge recorded 
was 3.2 times normal voltage to ground. The next 
highest was 2.7 times normal. During the tests, there 
were two flashovers of line insulators, neither of which 
caused a higher voltage than 1.9 times normal, and 
this: might have been caused by a switch operation 
within a few minutes of the flashover. The weather 
was fair during the investigation with no lightning. 


Oscillations. There have been certain theories ad- 
vanced regarding the existence of high-voltage, high- 
frequency oscillations on transmission systems. The 
above tests while not broad enough to be conclusive on 
all systems have indicated nothing to substantiate 
these theories except in the case of an arcing ground. 

Further, arcing grounds on a grounded-neutral high- 
tension line produced no high voltage oscillations, and 
in the case of the free neutral system, the frequency of 
oscillation did not exceed 16,000 cycles. | 


-IV. COMMERCIAL TYPE OF ROLL-FILM RECORDER 


A roll-film type of single-electrode klydonograph was 
under consideration before the construction of the glass- 
plate type. However, in order to cause as little delay as 
possible in obtaining a few field instruments, the ro- 
tating-electrode plate-type was chosen because of the 
certainty of its operation with standard clock and 
‘standard dry plates. : 

As soon as the plate-type of recorder proved that the 
klydonograph was very valuable in obtaining data on 
surges on transmission systems, the complete design 
and construction of the roll-film type was undertaken. 

Some of the desirable features to be incorporated in 
such a recorder are as follows: 

1. ‘Daylight loading and unloading 

2. Independent of power for operation, hence 
clock-driven | 7 

~3.. At least three electrodes desired 

4, A long record possible, hence roll film to be used 

5. Time markings correct without resorting to 
cog-wheel drive and holes in edges of film : 

6. Capable of standing @usiderable over-voltage 

7. Reasonably constant in its calibration 

8. Simple and reliable in operation 
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9. Truly portable; reasonably small and light 

10. Rugged and not too expensive in construction 

In order to harmonize these desirable features, a 
design radically different from that of any existing 
graphic instrument is required for this klydonograph. 
In such instruments. the torque required to reroll the 
chart is constantly increasing from beginning to end, 
and hence must be supplied by a separate clock spring 
or motor. The same type of reroll was chosen for this 
klydonograph as was designed for the long-film attach- 
ment for the three-element portable oscillograph. 
This incorporated the daylight-loading feature and 
_ constant torque for driving film and reroll. 

— Daylight Loading Film. A 614-in. width of roll-film 
was chosen as a desirable width for a good three-elec- 
trode chart. This film was obtained on a metal, 
flanged spool having extra deep holes in the ends to per- 
mit the introduction of steel pins to act as shafts. 
These special films are put up in cartons marked for the 
_klydonograph. <A film length of 8 ft. was chosen to 
give a one-week record with a film velocity of 14-in. 
per hr. Fig. 87 shows this film in place in the klydono- 
graph. The system consists of a main clock-driven 
drum over which the film passes on its way under the 


Fig. 37—THE KiyponoGrapH, Cover Removep, SHOWING 
| Fium In Pace 


electrodes.. The outer shell of the drum is micarta 
insulation. Beneath this is a thin metal sheet moulded 
into the micarta tubing. The metal sheet is grounded, 
through the metal ends of the drum, to the frame. It is 
practically impossible to make a thin film lay flat on a 
glass plate and touch all parts of the surface. However, 
it is much easier to make a film roll over a micarta 
cylinder and hug the cylinder so as to have no air 
spaces between the film and the cylinder under the 
electrodes of the klydonograph. In this design, we have 
a repetition of the essential features of the original 
klydonograph. The film used in this klydonograph has. 
black paper on each end but none under the film itself. 
This permits of daylight-loading and daylight-un- 
loading. without introducing an undesirable member 
between the film and the internally grounded drum. 

Reroll Scheme. The general construction of the 
rerolling system can be seen in Fig. 37. On one side 


3. JouRNAL of the A. I. E. E., Vol. XLII, p. 109—Legg: 
Portable Oscillograph. 
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of the main drum is the unexposed film; on the others : 
side is the exposed film. Beyond each of these ‘ig g. © 


roller with pulleys attached. Two helical-spring belts 


hold the rollers against the film cartridges, and, in — 
If the @ 


turn, the cartridges against the main drum. 
under side of each belt is tight and the upper side rela- 
tively slack, the film will be drawn tight over the top 


half of the main drum. Now, as the main drum jg — 


turned by hand, or by the clock, the unrolling action 
from one spool will cause a rolling-up action on the other 
spool by means of the rollers and the two belts. The 
driving pulleys are made larger than the driven pulleys 
so that the under side of each belt will remain tight 


and the upper side relatively slack. Thus the film is 7 


urged to roll up faster than it is unrolled from the first 
spool. The rollers and film spools are held in aline- 
ment by shaft extension, free to slide in longitudina] 
grooves in the metal frame. 2 

No slipping of either film or rollers takes place, for the 
ratio of the pulley diameters is so chosen as to keep the 
twisting torque as high as possible and yet well below 
the point where the rollers would slip on the film. In 
other words, the sum of the four tensions in the belts, 
multiplied by the coefficient of friction between the 
film and the rollers, is always greater than the sum of 
the differences between the tensions in the tight sides 
and the slack sides. The belts have no tendency t 
continue to accumulate tension on one side. If ech 
driving pulley is a certain per cent larger in diameter 
than the driven pulley, then the slack side of the belt 
will have that same percentage greater number of turns 
than the tight side. The belt stretches as it leaves the 
driven pulley and contracts again as it leaves the driver 
pulley, and so on, indefinitely. Thus, there is no 


_ slipping of any member and no tendency to break the 


helical-spring belt. 7 

It is easily seen that the peripheral speed of the 
main-drum surface, the film surface, the driving-roller 
surface, and the driven-roller surface is the same. Also 
the torque required to drive the drum, and thenee the 
reroll, etc., is constant. 
decreases in diameter, the exposed roll increases in 
diameter, and the film shafts and the roller shafts shift 
along in the horizontal groove. The center distance 
between the pulleys remains practically constant with 
this arrangement and hence the tension in the belts 
does not change. All of these novel features go to 
make a simple but reliable reroll system which may 
be driven by a single clock. sit 

Time Marker. Since the photographic chart is 
friction driven, it is necessary to devise a time-marking 
system which will show no error, due to any slight creep- 
age of the film as it passes on its way over the main 
drum. The clock is geared to the drum so as to drive 
the film at a uniform speed of approximately one foot 
per day. The drum actually makes just one revolution 
in 24 hours, yet the film-travel, in seven days, may vary 
as much as an inch. If the time markings had a 
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As the unexposed film-roll 


2. » ad 


e error this would represent two hours. 
q, stationary speck of luminous paint, just 
ge of the drum cylinder, and twenty-four 
buted holes through the outer edge of the 
t is exposed on the edge of the photo- 

nic film every hour, and a dash every sixth hour. 
Baole passes over the speck of luminous paint just 
. hole lines up with the three electrodes. Hence, 


r e can 
gid var 


jortionat 
means of 
oy One ed 
ally distr! 
ader, a do 


y several igches in its travel during one 
oa provided the 8-day clock keeps good time. 
h our Circle is provided on the end of the main- 
E , shaft on the outside of the klydonograph. This 
BA graduations, each of which lines up with an 
ex at the same time as the corresponding hole in 
Pave of the cylinder lines up with the electrodes. 
Me clock loses or gains a few minutes during the 


Je and later allowed for in estimating the true time 


yeloped film. | 7 
Phe four dashes, per 24 hours, are all alike so that 


+ one of them may be 6 o’clock or 12 o’clock, day or 


ia. 38—Fium-Tyere KiypoNOGRAPH—GENERAL VIEW 


ht. This is done to save film when initially setting 
instrument. A daylight intensity record appears 
the opposite edge of the film from the dots and 
hes. Daylight enters the case through a_hori- 
tal hole in the upper part of the klydonograph and 
reflected downward through a vertical hole in the 
ver to a point on the film in line with the electrodes, 
S giving the record of day and night, by reference 


%/M., which 12 m., which 6 p. m., and which mid- 
nt. A 45 deg. whitened surface, on the inside end 
# screw, at the conjunction of the horizontal and 
Mcal light holes, may be twisted so as to regulate 
© amount of light reaching the edge of the film. At 
y Setting, daytime can be told from night, but by 
Justing the amount of reflection according to the 
ality and position of the klydonograph, it is possible 
Bel a record of the variation in intensity of daylight 
caused by changing cloud conditions. This last 
sure is not essential but is often very helpful in 
Cking up the causes of surges which appear on the 


4 mplete Instrument. The complete roll-film type 


My 


be no error in time marking, even if the film » 


A this can be checked by the reading on the hour > 


occurrence of surges which may appear on the — 


Which it is easy to determine which time-dash is 
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of klydonograph is shown in Fig. 88. The parts which 
appear on the outside are: the three electrode-termi- 
nals; their lead-in bushings; the daylight-intensity 
adjustor, on one side of the electrode chamber; the 
cover thumb-nuts; the hour circle, on the instruction 
panel; and the ground-binding-post. The outfit is but 
12 by 12 by 83 in. over all, the case proper being but 
half that height. This three-electrode seven-day 
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39—CALIBRATION OF KiLYDONOGRAPH—FILM-TypE, Ex- 


Fia. 
PERIMENTAL MODEL 


recorder is no larger than the original single-electrode 
24-hour plate-model. Its weight is much less than 
many single-element graphic meters. It isso portable 
that it may be taken to any desired location on a trans- 
mission system, and in fact, in some cases located up in 
a transmission tower. For accurate work, special 
electro-static potentiometers, previously described in 


Fia. 40—Sucrion or TypicaL Fium. ARTIFICIAL SURGES 
PRODUCED IN LABORATORY 


this article, must be used. However, some informa- 
tion can often be obtained by tapping in between the 
first and second insulators, when of the multiple my 
type, so as to lead a fraction of the voltage of each of the 
lines, of a three-phase system, to an electrode of the 
klydonograph. 

Condensed instructions for loading and operating the 
instrument are moulded into the micarta panel each 
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N recent years the importance of high unidirectional | 
| voltage tests of various kinds has been emphasized. 

This has not been stimulated by the speculations on 
high-voltage, direct-current transmission, but has 
arisen largely from the need of reproducing surges and 
lightning disturbances. As a means for determining 
the ability of the insulation of standard apparatus to 
withstand high-voltage impact, and also to test the effi- 
ciency of lightning protective apparatus, test methods 
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FIG. I—-ALTERNATING-CURRENT IMPULSE GENERATOR WITH HIGH- 
TENSION SWITCH 


and equipment have come into use which differ greatly 
from alternating-current high-voltage apparatus. 

The forms of test indicated above have included 
those classed as impulse tests, impact tests, surge tests 
or.lightning generator tests, in addition to sustained 
unidirectional voltage tests. It is the purpose of this 
paper to record the experiences of the writer and his 
associates with this type of high-voltage work from the 
point of view. chiefly of the development. of testing 
equipment to meet the demand. | 


ALTERNATIN G-CURRENT SURGE GENERATOR 


About 1915 there was in use in the laboratory a 
scheme for testing lightning arresters consisting, as 
shown in Fig. 1, of a testing transformer with series 
resistance in high and low tension, a static condenser 
of about 0.0025 mfd. capacity, a series spark gap, and 
a Swinging switch operated by an insulated stick. The 
voltage limit of the apparatus was determined by the 
condenser stack, which contained one hundred units 
rated at 1000 volts each. With the transformer at the re- 
quired potential, swinging the oscillating switch past 
the contact would cause a series of damped impulse 
trains to occur. The wave front could be varied by 
the constants in the high-tension circuit. The high. 
resistance used prevented power arc formation. The 
circuit is quite similar to that described By F. W. Peek, 
Jr.* and called an “impulse generator,” except that 


*In his book “Dielectric Phenomena”, p. 162. 
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Peek has no: high-voltage snitel and are the volt. 
age drop across a resistance to the apparatus under” test, 
The limitation of any circuit using unrectified 
alternating current as a source is that the energy Stored — 
The charging period is 14 cycle and then dis. 
Thus when the — 
voltage is high enough to cause a gap breakdown, the ™ 
discharge is limited to the energy stored in the pre- 
A very large transformer source and _ 
large condenser are necessary to obtain much current q 
it is practically im. | 
Usually, a succes. — 
sion of discharges takes place before the circuit can be _ 
interrupted. The effect on the test piece cannot be — 
the same as a single impulse at a time, and this 4ast — 
ing 


is small. 
charge of condensers takes place. 
ceding % cycle. 


through the test. Furthermore, 
possible to get a single discharge. 


condition more nea approximates 
service. 


conditions 


For these reasons, it was found necessary to de- — 
vise a unidirectional source of high voltage for charg- — 


ing the condensers used to give a surge discharge. For 
the past four years, we have been building and experi- 


menting with these circuits and improving the appara- 
The changes have mostly been gradual, and the — 


tus. 
important steps are here described. 


INSULATION RESISTANCE TEST SET 


The circuit is shown in Fig. 2. The supply was 
two potential transformers 6600/110 volts: with vari- 
able resistance in the 110 volt circuit. These two 
transformers were connected in series on the high side, 
with the common point connected to 
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FIG. 2—HIGH-VOLTAGE DIRECT-CURRENT INSULATION 


RESISTANCE 
TEST SET 


wax condensers (about 0.02 mfd. total series capacity) 
and the other transformer terminals were connected: 
through high-voltage rectifier tubes to the other end of 
the condensers. Test terminals were connected across 
the condenser stack. This. combination gives double- 
wave rectification. Very satisfactory work was done 
with this apparatus on sheet insulation and slate, up to 
a voltage of about 10 kv. 
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scember, 1920 
BANDENSER CHARGING COMMUTATOR 


5 p 918, Mr. L. W. Chubb suggested a scheme for 
In I 

in ing hig 
7 vel and peri 


_ a low- 
_ rotating commutator or switching device, Fig. 


va 1s built to charge from a 500~volt or 250 volt 
Pa bank of fifteen I mfd. condensers. A maxi- 
5 continuous voltage of nearly 8000 was thus ob- 
a The load regulation curve shown in Fig. 4 
, ed 7 the condensers are not capable of holding 
e up on continuous loads of even a few 


‘odically, a group of condensers in 
-voltage, direct-current source. 


yoltag' 


iz amperes. 
The circuit first used does not asain grounding 


both the source and the high-voltage circuit. To 
fe care of this, an intermediate floating condenser 
_ mfd.) was used, which was charged from the 
irce and distributed the charge among the series of 


B g—comaruraton FOR SUCCESSIVE CHARGING OF CONDENSERS 
FROM LOW-VOLTAGE Ee 


enser brushes. The characteristics of this arrange- 
ect are shown in Fig. 5. The current obtainable is 
Foportional to speed or to the proportion of time the 
n adensers are on charge. 


When the apparatus was first devised, it was in- 
ended as asource of continuous direct current for 
ecipitation work and insulation tests. As such, it is 
matisfactory, because no appreciable current can be 
wn. It is useful for relatively low-voltage tran- 
lent impulses, but difficulties: with commutation, in- 
1 lation of parts and condenser leakage would be ex- 


| ceded. 


- This scheme is Paehesting because of the use of 

Or adensers charged individually and discharged in 

es Later we will describe a more recent outfit in 
which the condensers are charged in parallel and dis- 
darged j In series. | F 
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h-voltage direct-current by charging SUC- 


any considerable voltage. 


mdensers as the contact segments rotated by the con- - 


€rienced at the voltages of 100 kv or more now 


SINGLE-STAGE RECTIFIER, HIGH-VOLTAGE 
DIRECT-CURRENT SETS 


Production of unidirectional high voltage by direct 
generation or by batteries is obviously impractical for 
About 1915 at the Univ. 
of Illinois, there was assembled a direct-current gen- 


an. 
—) 


Power in Watts 
w > 
r—) oe 


is 
2 


Wy. 

Load Gurrenei Hs Milliamperes 
FIG. 4—-REGULATION CURVE OF DISCHARGE FROM SERIES CON- 
DENSERS 


Fifteen 1 mfd. condensers charged at 520 volts, 100 
ohms in charging circuit, commutator running at 2420 
r.p.m. 
erator group of 40 machines connected in series to give 
20 000 volts.* Batteries have been made up for a few 
thousand volts, but the. complications involved are not 
desirable. Consequently most apparatus used for 
direct current or surge tests is supplied with alternat- 
ing current rectified. With this form of source, con- 
densers are charged as slowly as desired and dis- 
charged into the test circuit. Mechanical rectifiers 
have been quite extensively used in Europe, but 
vacuum-tube rectifiers are much preferable an account 
of space, simplicity and lack of noise. The develop- 
ment of high-voltage tubes came along with radio and 
the story of the difficulties overcome would make an 


~~ 


és < Power in Watts 
Potential in Volts 
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PCAC 
: Current in Milliamperes 


FIG. 5—-REGULATION WITH FLOATING PAPER CONDENSERS 


interesting record. Since most surge generators are 
built around the simple single-stage unit, its character- 
istics will be described in detail. 

The Transformer may be connected in any one of 


*University of Ilhnois Bulletin, No. 114, p. Io. 
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three ways, middle point grounded, one end grounded, 
(with mid-point of condenser bank), and neither end 
grounded. In the last case, one end is connected to a 
definite potential (mid-point of condensers) but the 
other end swings from ground potential to double the 
transformer induced voltage. Because of this, the 
ransformer usually must be specially insulated or be 
supplied from an insulating transformer. With the 
connections shown in Fig. 6 (a) the transformer in- 
sulation requirements are low. Both terminals are in- 
sulated for E/2 above ground or tank potential. In Fig. 
6 (b) the transformer requires one bushing insulated 
for E above tank potential, the other terminal being 
grounded. In Fig. 6 (c) two methods of insulation 
are available, either two bushings, one for E and the 
other 2 E, or a normal transformer as for Fig. 6 (b), 


(c) 


FIG. 6—SINGLE-STAGE SURGE GENERATOR WITH DOUBLE RECTIFICA- 
TION 


(a) transformer midpoint grounded; (b) one end 
of transformer grounded; (c) transformer isolated. 


with one bushing, the transformer tank being set on 
insulators good for E, and supplied by an insulating 
transformer insulated for E volts above ground. 


The Rectifying Tube is the critical part of the 
outfit with respect to developed voltage and discharge 
rate. The usual current limit of such tubes is 100 to 
150 milliamperes. During the non-conducting half 
cycle the tube is subjected to twice the condenser unit 
voltage, or 2 E in the case of Fig. 6 (b) and (c). In 
Europe rectifying tubes of great size have been pro- 
duced, capable of withstanding 250 kv it is claimed. 
Those in use in the United States are rarely rated over 
‘100 kv, which means’ that the condenser unit voltage 
is 50 kv. It is probable that higher voltage tubes could 
be made, but the unit cost would be high and loss in 
case of breakage or failure excessive. 


Filament Supply—Current may be obtained either 
from storage batteries, insulated where necessary, 
from insulating filament transformers, or from insulat- 
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the disadvantage of requiring charging, insulation is 
impaired by acid leakage and fumes, and the capacity 
to ground affects the potential distribution when mul- 


tiple stage outfits are built. The filament transformer jg _ 


convenient, especially for moderate voltages, but. the 
. = — Safety Gap - 


Equalizing 


~<—t Condensers 


otlodlodce 


ot Cathode. 
Re Rectifiers 


s: 


Transformer 


Insulating 
Transformer 


220 V. 
(1:1) 75 Kv Insulation 


- Groun 
FIG. 7—-SURGE GENERATOR WITH SERIES RECTIFIERS 
size and regulation are disadvantageous when cascade 
arrangements for high voltages are used. The in- 
sulated generator, one for each tube, has advantages. 
at high voltages, but requires the complication of a 
number of driving motors and individual generators, 
The choice of. supply is dependent on the size of the 
apparatus and local conditions of installation. 
Charging Resistors are usually connected between 
the rectifiers and condensers to limit the charging 
current, and prevent the. discharge of condensers 
through the tubes, with some kinds of test arrange- 
aent. These may be of the carbon rod or water-tube 
type, usually 100000 ohms to several megohms, and 
long enough to withstand the applied voltage. : 
Condensers have been of the oil-insulated type and 
of considerable capacitance, as compared to European 
sets. For some of our sets, special condensers insulat- 
ed for 30000 volts have been built, but the best prac- 
tice has been found to use standard static condensers, 
connecting in series and parallel combinations for the 
voltage desired. These are available at standard dis- 


FIG. 8—I50 KV SURGE GENERATOR CONNECTED AS SHOWN IN FIG. 7 


tribution voltages up to 10 kv. These condensers are 
grouped into units good for the voltage E and the ne- 
cessary insulation is provided by porcelain posts. 
Comparing the three types of circuits (Fig. 6 a, 0, 
c,) the following may be said :— | 


a—The transformer insulation requirements are easy. 
Both rectifier filaments must be insulated. The test circuit 


aoe 


ed generators. The storage battery is reliable but has 4 


December; 1926 


The total voltage is the same 


nded on one side. v t 
roe value). Two terminals are 


transformer (crest 
e transiormer. 
Paner insulation easy. Both filaments must be 

ac est circuit not grounded on one side. Total voltage 
" transformer bushing necessary. 


snot be & 
a a total 


bs 


Only a Sasuble insulation or insulating transformer. 
4 SS alee be at ground potential. Test circuit can be 
p d on one side. Total voltage is 2 E. If insulating 
grounded © is used, only one bushing on main transformer, 
fransformer one for E and one for 2 E. ne 


ney ise two, i ° 
oT connection in Fig. 6 (c) has been adopted 


. best principally because it provides a grounded test 


cuit. pee 
: MULTISTAGE RECTIFIER, HIGH-VOLTAGE, 


DIRECT-CURRENT: SETS 


As stated before, the voltage limitation on a single- 
stage outfit is determined by the rectifiers that can be 
economically and reliably made. The present limit 
Beems to be about I00 ky. There are three general 
methods of multiplying the unit voltage :— 

4 Rectifiers in Series, using higher voltage transformers 


. ser units. 
eee ding of Sections, each secti6n similar to 6 (c).. 

C—Gap-Switching Circuits, as used in Europe, which 
harge condensers in parallel, and discharge them in series, 
spark-gaps serving as the switching means. 


and 


5 


FIG. Q—DISCHARGE CIRCUIT OF SET SHOWN IN FIG. 8 


All three have been tried out here and the operat- 
Ing characteristics will be described :— 

_ A—Series Rectifiers—-A generator connected as in 
Fig. 7 was constructed in 1923, in the hope of obtain- 
‘ing about 200 kv or more. Four tubes were used in 
Series, the filaments being supplied from individual in- 
‘Sulated storage batteries of considerable capacity. It 
Was found that the voltage distribution across the 
tubes was non-uniform. Many tube failures. (punc- 
_ ture and flashover) were experienced and the total 
Voltage desired could not be developed. Some im- 
provement was obtained by shunting each tube with a 
_ Variable Capacity as shown. At first, groups of sus- 
Pension insulators were used for condensers, but the 
“apacity adjustment does not stay constant with ac- 
Cumulation of dirt and moisture. Later , condensers 
Made of two tubes, one sliding within the other, were 
Substituted with better results. The rectifiers were 
_ £ach provided with safety spark gaps to prevent over- 


potential. 
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The maximum voltage that could be ob- 
tained regularly was 150 kv. Occasionally 165 to 175 
kv could be reached. 

B—Cascaded Sections—The set just described 
was rebuilt with a cascade arrangement, using most of 
the old equipment. The diagram is shown in Fig. 11. 
Two main transformers are used, one a 75 kv “Cott- 
rell” transformer with 220 volt primary supplied from 
an insulating transformer 220/220 volts, with 75 kv 
insulation. This part is the same as before. The se- 
cond stage is supplied by a 75 kv transformer insulated 
for 300 kv from the tank. This design was found to 
be better than cascading the transformers. Four 


tubes are used as rectifiers instead of eight. 


The circuit was arranged for filament supply from 
filament transformers in cascade. Four units were 
built with insulating stands. Two porcelain wall bush- 
ings about 8 in. diameter and 24 in. long were used, 
one for the primary winding and one for the second- 
ary, a laminated square core being built into the bush- 
ing holes. This structure was immersed in a short- 
ened elliptical oil.switch tank provided with a wooden 


FIG. IO—INSULATION, SUPPLY AND POWER-FOLLOW TRANSFORMERS 
| OF SET SHOWN IN FIG. 8 


cover. Two 3 ft. micarta tubes one inch in diameter 
were used for bushings, the two leads of the primary 
being brought out through one and the secondary 
through the other. 

In the design of insulating filament transformers, 
special means must be taken to compensate for leak- 
age reactance. Where the voltage between sections is 
100 kv, considerable insulation must be provided be- 
tween primary and secondary. When this is obtained 
by winding the primary on one leg and the secondary 
on the other leg of a core-type transformer, the regu- 
lation is unsatisfactory unless compensation is intro- 
duced. There are two convenient ways of obtaining 
this, one by connecting a static condenser to a suitable 
tertiary winding directly on the core, and the other by 
linking the two legs of the core togeth#® electrically. 
In the latter method, a tertiary winding is placed on 
both legs and connected together, so that the total flux 
of one leg (primary) is transferred through electrical 
means to the other leg. : 
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Another method of supplying filament energy is 
‘now in use—individual generators. Twelve volt automo- 
bile generators were mounted on the insulated bases to 
which the rectifier sockets are fastened, one for each 
tube. Regulator cutout, rheostats, and voltmeters 
were also installed with each. These generators are 
driven by individual motors through long leather belts. 
Ii the mechanical arrangement were convenient, a 
single motor and jack shaft could be used. The pre- 
sent set-up, shown in Fig. 13, has proved very satis- 
factory. 


largely for lightning arrester tests where impulses 
of steep wave front and high current are re- 
quired. Impact tests on insulators have also been 
made. Recently, high unidirectional voltage tests on 
various insulating materials have been in progress, 
especially the time break down of materials in oil. All 
these types of work can be very nicely taken care of by 
this equipment up to 200 kv. As high as 225 kv has 
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FIG. II--200 KV SURGE GENERATOR WITH CASCADE ARRANGEMENT 


been obtained, the limits being determined by the in- 
sulation of some parts of the circuit and by permissible 
stress on the rectifiers. For impulse testing, heavy 
maximum voltage discharges at intervals of a few sec- 
onds are easily obtained. 


C—Gap Switching Circuit— 


Marx Circwt—An impulse circuit used at several 
insulator testing laboratories in Europe in various 


forms was brought out by Dr. E. Marx.* The funda- 


mental unit is a single-stage rectifier similar to that 
described before. Added to this are successive groups 
of condensers, spark gaps and charging resistors, so 
connected that the condensers are charged in parallel 
from the single-stage source and discharged on test in 
series. It should be made clear that this multiplying 
arrangement is only useful for impulse testing, and 
does not provide sustained unidirectional voltage. 

The elements of the circuit which accomplish the 
multiplication of voltage are shown in Fig.:.1 4, i(a)): 
Condenser C,, is charged from the rectified source 
through R,. The condenser C, is likewise charged 


TE Z: 19024 p: 652: 


The surge generator just described has been used 


4 
© 


8 


through R,. When the voltage rises sufficiently to 


break down the gap G, (adjusted for maximum recti* 
fier source voltage), a spark occurs which connects the 


two condensers in series and the double voltage is. 


applied to the apparatus under test. G, can be used to 
measure this. Theoretically, the process can be dupli- 


FIG. I2—200 KV CASCADE SURGE GENERATOR 


cated with as many steps as desired. Fig. 14 (b) 
shows a three-step circuit. It will be noted that the 
successive condensers are charged through increasing 
resistance, the last condensers being charged through 
five series units and the first through one. To give 
equal charging resistance, buses are used as in Fig. 14 
(c), so that the condensers are all (except the first) 
charged through two resistors. Also balancing re- 
sistors to ground are added on the first gap. 
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FIG. I13—200 KV SURGE GENERATOR WITH INDIVIDUAL GENERATORS 
FOR FILAMENT SUPPLY 


A set shown in Fig. 15 was built as above, using 
the following units of apparatus :— 


4600/100 volt 
grounded). 

10 kv radio power tubes. | oh 

_Condenser unit—three 2300 volt, 2.73 mfd. condensers in 

series. 
Filament transformer—special. 
Resistors—3 ft. micarta tubes with water. 
Small gaps 1.5 in., terminal gap 12.5 cm. 


potential transformers (common point 
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“December, 1926 | es 
unit voltage or source voltage is 4600 K 2 XX 
Be 133 kv. ~The total developed voltage should 
aa <6 = 78 kv. A large number of tests 
es a Bx with this equipment to find out the effect 
a i... ttings resistance values, etc. The outfit is 
a BR ecessiul. It gives full muitiplication 
cs and. the discharges are of satisfactory 
"ti . seal energy. The only drawback against 
ei for impulse work is that the terminals are 
BP inded. A means of avoiding this difficulty is 
escribed next. oe | 

q Surge Voltage Multiplier—Most tests require a 
sanded connection to correspond with conditions in 
For this reason the Marx circuit was im- 
A comparison of the two 


The 


sroun 

sroved as shown in Fig. 17. 

, Cy 
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Rectifier G 
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Modification to give 
equal charging resis- 
tance. 


FIG. I4—-MARX SURGE VOLTAGE MULTIPLIER 
q (a) one-unit simple circuit; (b) three-stage the- 
“oretical circuit; (c) three-stage complete practical cir- 
cuit. 


ircuits for a three-stage set, with respect to apparatus 
fequired, is of interest. 
a Marx New Circuit 
Member Of resistors .............. 12 9 


Mummete Ot £aps ...............- 5 2 
‘tansformer potential | (oneend)..+Z Bn (with equal 
resistance ) 


above ground (other end)—E 20r4# 
{ This shows that the new circuit takes less gaps and 
€sistors, but the transformer insulation requirements 
m€ more severe. These values 3 E.and 2 or 4 E are 
16t constant, but increase with the number of stages. 
Phat is, one end of the transformer is subjected to E 


ie 


at r) and the other E = ) where ” is the number 


t) 


it 5 : A Nex 7 oe 
me New circuit requires — — I gaps and 32 


n ° 
resistors. 
a, 


a A further modification has now been foun pos- 
ple. By grading the resistances of various stéps, the 
_-8S On the transformer is reduced. A study of the 
_ dual distribution in the system points to possible 
MProvements, Referring to Fig. 16, the potentials of 


? 


* condenser units or voltage multiplication fagor. 
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various points with respect to ground during the charg- 
ing period will vary with time. The minimum poten- 
tials which can exist are :— 


Ri, E Ry & 

EXE Rit Re Se RIGO 

R3 EF Ro EF 

‘ EIB ose Pe i eng Tee OEE 


FIG. I5—-GAP SWITCHING IMPULSE TESTING SET 


Corresponding to Fig. 14 (c). 


maximum potentials which can exist aré:— 
EN = 0 Ay =F fine) 29 

at the instant preceding flashover. In each case E is 
the crest value of the transformer voltage. 

4. he} hs -- 2 Ry R7 
Rei Pes ea er ey ee 

a 
AG (2+ pee ss ee) ae 
2 Rs Ro - 

| 225 (2+ eSess 7 RR) oe 
where Ey is the potential of the negative bus, Ep the 
potential of the positive bus and Ep the potential of | 
the transformer bus to ground. These equations hold 
only when the conditions (Er + E) < Ep and 
(Ey — E) > Ey are fulfilled. 


Ext Xe 


- 115/11 500 V. Potential Transformer 

- 115/4600 V. Potential Transformers used 
as Insulating Transformers. 
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FIG. I16—SURGE VOLTAGE MULTIPLIER WITH GRADED 
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It will be noted that the potential of the end of the 
transformer connected to the rectifiers (Ey = E) may 
have a high value under certain conditions. With all 
resistances equal it is 4 Emax for this circuit. For 
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other circuits in which all resistances are equal it is 


(+ -|~ )E, where m is the number of voltage multi- 
plication. However, by making R, = R, = R, = 0, 
the maximum potential of the transformer is reduced 
to 2E on both charge and discharge. This condition, 
however, necessitates a resistor in each bus to protect 


FIG. I7—A RESISTOR IN EACH BUS PROTECTS RECTIFIERS 


the rectifiers, as shown in Fig. 17. | 

Making R, R, R, equal to zero simplifies the cir- 
cuit and reduces the transformer insulation require- 
ments. Furthermore, additional stages may be con- 
nected, using the same transformer. This is of great 
importance, for it means that a small set can be in- 
stalled at the start, and additional sections added as 
desired, without rebuilding the whole plant. Each 
successive unit, of course, requires increased insulation 
from ground and resistors of greater length, but other- 
wise the equipment is the same. Some doubt was ex- 
pressed whether the potential distribution throughout 


FIG. I8—500 KV 


and the rate of charging would be so affected by elim- 
inating R,, R,, R, that the scheme would not be satis- 
factory. Extensive tests have shown no difficulty. 

It has been found that a stream of air is necessary 
on the section gaps to prevent continuous arcing after 
the gaps once break down. This is due to the fact that 
the resistances pass enough current to maintain the 
arc. One point to be watched in the installation is to 
keep the low-voltage circuits removed from the high- 
voltage loop. When a discharge takes place, a great 
rush of current results and the accompanying electro- 
magnetic effect causes voltage surges in neighboring 
circuits. If the supply circuits have to be near, they 


may be shielded electromagnetically, placed in a non- 
inductive position or be protected with low-volies 4 


lightning arresters. 

An installation of this type for 500 kv has been 
made, and is shown in Fig. 18. The diagram of ¢on- 
nections appears in Fig. 19. This is a six-section set, 


supplied from a 75 kv transformer at half voltage, 


H ee y 


FIG. IQ—DIAGRAM OF 500 KV SURGE GENERATOR 
Six stages—multiplication factor equals 12. 


Kv | 


16. 


The condenser units are standard static condensers, 


x 


and the gaps are 1.5 in. spheres. 3 \ 
thst APPEICATIONS e 


Probably the chief application of impulse or surge 
generators is the testing of lightning protective de- 
vices. By producing artificial discharges in the labo- 


ratory which approximately reproduce lightning effects, 
we can subject lightning arresters to controlled im- 


pulses, and determine the degree of protection. 
Although lightning arrester investigations may be 


SURGE GENERATOR 


considered a very important use of the surge generator, 
other uses are being made, and more will be developed. 
The effect of steep wave fronts on distribution and 
power apparatus has been under study for some years. 
First of all, impulse testing of line insulators has as- 
sumed great importance. Because of the natural high 
impulse ratio of the usual insulators, the impulse or 
impact flashover may be raised to a point where the 
solid insulation (porcelain) may be subjected to a volt- 
age near its puncture value. The explosive effect of 
impulse flashovers on insulator parts, whether followed 
by normal frequency current or not, damages the less 
well designed units. 
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ember 1926 
Frransformers in service become subjected | to 
disturbances. © The distribution of gradient 
P aa winding has been under intensive study, 
inc surge generator as an impulse source and 
© devices as the klydonograph as a voltage gradient 
suring means. 
In addition to the study of steep wave front effects 
assembled apparatus, it is important to know the re- 
dielectric strength of insulating materials at 
; bal frequency, on impulse, and with direct current. 
p resent, many operating Solves are testing in- 
h pigh-vtoe direct current. 
arge electrostatic capacity ae the systems aun 
Fould require a pr ohibitive size of normal fre- 
: acy testing transformer to supply the charging 
rent. Apparatus using the same essential parts as 
ctl impulse generator can be adapted for this 
rpose. Inasmuch as direct-current tests involve no 
slectric loss, as commonly understood, the heating 
d consequent deterioration are absent. 
‘Ss to determine what direct-current test is equiv- 


pi ren alternating voltage. Some details of the test 
Bt aits and methods used to Oo the data described 
7 given below. 


IMPULSE-TEST CIRCUITS 


The usual form of circuit used in impulse testing 
shown in Fig. 20.. The voltage drop across a resis- 


9. 


ale J 
Rectifier Cc 
R To Device .- 
: L under Test 


FIG. 20—IMPULSE TEST CIRCUIT 


ce R is applied to the device under test. A surge 
F impulse is not defined unless the wave shape and 
eepness of wave front are known. 
. nothing to say the surge break down of in- 
ation is 50 ky. The wave front or equivalent fre- 
ency must be known. Consequently, in the circuit 
dwn, the constants must be calculated and capable of 
Jt istment for different test requirements. 


With a given surge generator connected for a cer- 
N voltage, C is fixed, and R and L (the lead induct- 
4 are the variables. 2 can sometimes be calcu- 
, but in most cases it is easier to measure it as 
i ows, With R cut out, the frequency of the circuit 
measured by a wave meter. Knowing C, and the 
yay ve Beth, 2 can be obtained from NOs UAT. 
| ere A is in meters, L is in microhenries and C 
mr icrofarads. The frequency can then be obtained 
eM its relation to wave length., 


The current at any time during discharge is ex- 
sed by 


Sion eS, 
F aE 2L 
--< —e 


2 er 
ere E ig surge eal R the circuit resistance, L the 


It is then a’ 


at or is it at least ample to insure safe operation on. 


In other words, 
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circuit. inductance in henries, ¢ the time in seconds, C the 
4k 

Ost 
Raking the differential with respect to 


capacitance | in farads, and S = \ pais 


time and 


equating to zero, the expression for time until the 
maximum of the. surge is reached, is. 
R+S\, 
logo (323) L 
aS 0.434 S 
For the -critical case ( where lt == Za = i= 


V LC, a very simple expression. Under these condi- 
tions the voltage across the resistance (applied to 
test) is about 74 percent of the condenser voltage. 

The shape of the surge wave can be altered at will 
by adjustment of R and L. With low resistance and 
increased L, the steepness of the wave front is les- 
sened, or in other words, the time to maximum voltage 
ig increased and the “tail” decreases rapidly. The 
total wave then approaches a symmetrical wave. With 
high resistance the front is very steep and the tail holds 
up, with slow decrease, as shown in Fig. 21. 

Typical circuit constants may be illustrated by a 
description of the 200 kv set described above; Fig. 
13i— 

Surge impedance of impulse generator, 12.8 ohms. 


Capacity of generator: total condenser, 0.103 mid. 
Inductance of test circuit, 16.4 microhenries. 


With a resistance of 10 ohms this circuit becomes 
oscillatory. At about 25 ohms the wave shape corre- 


FIG. 2I—SURGE WAVES WITH HIGH AND LOW. RESISTANCE 


sponds to that shown as low R wave shape and at 500 
ohms the steep front and long tail are obtained. For 
25 ohms ¢ is about 1.3 microseconds and for 500 ohms 
is about 0.2 microseconds. With no resistance unit in 
the circuit, the short-circuit current then is_ initially 
about 16 000 amperes at 200 000 volts. 

Resistance units are usually of the water-tube 
type. Micarta tubing forms a very satisfactory con- 
tainer and is not subject to breakage, as with glass. 
The electrolyte is usually distilled} water with salt 
added. It has been found that such resistors do not 
vary greatly in resistance with time, but are subject to 
temperature changes. Checks of resistance can easily 
be made by the drop of potential method, using either 
alternating or direct current. | 


TESTS ON LIGHTNING ARRESTERS 


Representative of the uses of the surge generator 
are the tests to determine the volt-ampere characteris- 
tics and power follow of lightning protection devices. 
In the first it is desired to obtain a curve of surge cur- 
rent passed for various surge voltages. One method 


(the Dufour cathode oscillograph is also used to ob- 


tain this data) is to take individual tests at various — 
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values of voltage, using the circuit shown in Fig. 22. 
The resistor R is chosen large to give steep wave front 
and the gap G set for a selected voltage. When it 
breaks down the voltage across R is impressed upon 
the arrester A and the resistance R, which is chosen. 


FIG. 22—CONNECTIONS FOR VOLT-AMPERE TEST 


about equal to the arrester resistance, say 25 to 75 
ohms for a given type. The gap G, measures the volt- 

. age rise across the arrester and G, the drop in the re- 
sistance R,, being thus a measure of the current. R, 
must be known exactly, but the other resistances need 
not be measured. 


(Cox and Legg--Concluded from p.141) 


side of the hour-circle. The hour-circle and the ground 
binding-post are in. a recess, so that there is no pro- 
trusion beyond the 12 by 12 cases. The top of the 
movable part of each electrode is protected by a cap- 
nut over the electrode binding-post. With this ar- 
rangement, no delicate mechanism of any kind is 
exposed, and the instrument may be carried or shipped 
without danger of breakage. | 

Introduction and Removal of Film. In loading the 
klydonograph the whole top is removed, with the 
electrodes attached. The 8-ft. roll-film, with steel 
pins in spool ends, is inserted between the main drum 
and the roller having the larger pulleys. The opaque- 
paper end is brought vp over the main drum and in- 
serted in the slot in the empty spool between the other 
roller and the drum. This spool is turned until the 
opaque paper is tight over the upper half of the drum 
and the second roller is twisted until the lower halves of 
both spring belts are tight and the upper halves rela- 
tively slack. The cover is then replaced, with the 
electrodes bearing on the opaque paper on top of the 
drum. The hour ciréle is then drawn out, thus disen- 
gaging the drum from the clock pinion, and is turned 
until the joint between the opaque paper and the 
sensitized film is detected by the upward movement of 
the electrodes (easily seen, or felt, when the cap-nuts 
are removed). The hour circle is turned in until the 
graduations indicate the proper hour and fraction 
thereof, taking the nearest long mark to represent the 
nearest quarter of the day (6 or 12 0’clock, day or night). 
At this proper-setting the hour circle is released so that 
the gear on the other end of the drum shaft engages 
with the clock pinion, thus driving the film 14 in. per 
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apparent. 


the instrument. Since there is no power backing the — 
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The power-follow test is made to derersaices ‘the aq 
ability of the protective device to relieve the surge, a 
but limit and stop the flow of current from the line, — 
A circuit such as Fig. 23 may be used. In this, the — 
surge current measuring resistance R, is placed out. — 


Power 
3 Transformer 


>To Oscillograph 
FIG, 25 CON NECTIONS FOR POWER-FOLLOW TEST . 


side the transformer neue so that the normal fre. 
quency current will not affect the results. The gap Gq 
is adjusted for condenser voltage plus the line voltage 
of the transformer. The power circuit disturbanas 
are recorded by an oscillograph. 7 


SOBABLY in no other 
b: ranch of engintering ap- 
ation is time of such vital 
cern as in the protection 
electrical apparatus against 
petiects of so-called light- 
> disturbances. In power 
suits where sixtieths of a 
ond are acommon meas- 
a thousandth of a sec- 
a can be regarded as a 
( all unit. However, when 
anging for the direction 
lightning surges into harm- 
s paths, and for the pre- 
at tion of the power current | 
‘that tends to follow, 
rtz inty of results can be 
tained only by giving care- 
| consideration to happen- 
as that take place in mill- 
ths of asecond. The safety 
thousands of dollars worth of apparatus 
Id the assurance of uninterrupted service 
y depend upon what takes place in so short 


he 


device, 


hr., for seven days. Meanwhile the daylight-intensity 
indications, the luminous-paint time markings, and any — 
surge phenomena, have made their impressions on the — 
photographic film. After the seven days are up, 
the hour circle is pulled out and turned onward so as to 
roll up the last of the film and opaque paper on the | 
second spool. The cover is then lifted and this re- © 
rolled film-cartridge removed, without resort to a dark — 
room. Later the films may be developed by any 
photographer or by-the operator in a suitable dark room. — 

Calibration and Tests. The calibration of this roll- — 
film-type of klydonograph proved to be very nearly — 
the same as that for the plate type; the main difference — 
occurring at the lowest perceptible voltages where the — 
effect of the dielectric constant, and thickness, is most — 
_Fig. 39 shows the calibration chart of radius © 
of figures (both positive and negative) to crest volts 
applied. Fig. 40 shows a short length of film with — 
artificial surges, timing dots and dashes, and daylight- | 
intensity record. The surge figures are described in — 
detail in earlier parts of this article. Although the — 
normal continuous potential on the electrodes of this — 
instrument will be adjusted at 2500 volts, approxi — 
mately, tests were made with a-c. potentials as high 
as 25,000 volts without damaging the instrument or © 
puncturing the film. The calibration is not satis- — 
factory beyond 18,000 volts, but this is 700 per cent — 
above normal, and hence gives a very great range tO — 


tstariding of the electrical characteristics of 
€ almost instantaneous modern lightning 
tester is very desirable when applying this 
| Vice to the protection of lines and appa- 
U1 us. 1 


he end. Charge 

Consider two plates of an air condenser 
Be presented by plates A and C, Fig. 1. 
4% A be charged negatively and C positively, 
¥ some appropriate source such as a static 
lachine as shown. If now metal plate B is 
troduced it is well known that on plate B 


, 8nd a negative charge opposite plate C. 
the static machine is now removed and 
“ates A and C connected together no charge 
1 be found on plate B assuming that it has 
een Kept perfectly insulated. 


surges as picked off an electrostatic potentiometer, and — 
since the instrument stood higher voltages, backed with | 
power, than can be met in practise, it is undoubtedly j 
safe for the service intended. . ie 


Biterval. For this reason a thorough un-. 


‘Positive charge will be found opposite plate 


Dr. Steinmetz made a 
noteworthy contribution to 
lightning arrester develop- 
ment when with his lrght- 
ning generator, and the 
sphere gap as a measuring 
determined the 


impulse breakdown values 
at various wave forms and 


currents. He regretted, how- 
ever, the lack of a measuring 
device that would give a com- 
plete history of the action 
‘within the arrester. The re- 
sults he sought are now 
attainable and are here pub- 
lished for the first tume. 
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If, as in Fig. 2, a very high 
resistance is connected be- 
tween plates B and C, then 
no field will exist between B 
and C if the voltage is applied 
very slowly between plates, 
‘since the negative charge will 
leak off plate B. In order, 
however, that the potential of 
plates B and C be substan- 
tially the same it is necessary 
that the rate at which the 
negative charge can leak off 
- be equal to or exceed that at 
which plates A and C are 
charged. 

Under these conditions as 
long as the voltage is main- 
tained between plates.A and 
C the positive charge on plate 
Bis said to be bound. When, 
however, A and C are con- 
nected together then the positive charge 
in plate B is freed and a voltage transient will 
appear across the resistance R which will 
persist for the time it takes all the positive 
charge to pass through the high resistance 
to the plate C. In the foregoing discussion it 
has been assumed that the plates are all 
large ih extent compared to parts considered, 
so that all of the field between the two outside 
plates passes through the middle plate. 
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Lightning Transients on Overhead Wires 

The principle of the bound charge is 
useful in showing the production of high 
voltage transients due to lightning discharges 


- to ground or between clouds. 
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A cloud having a negative charge drifts 
over a transmission line, causing a separation 
of charges on the wire with the result that 
the negative charges on the wire pass to 
ground by leakage over insulators or through ~ 
the neutral connection of transformers in 
case the neutral is grounded. This. condition 
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values of voltage, using the circuit shown in Fig. 22. 
The resistor R is chosen large to give steep wave front 
and the gap G set for a selected voltage. When it 
breaks down the voltage across R is impressed’ upon 


the arrester A and the resistance R, which is chosen. 


FIG. 22—CONNECTIONS FOR VOLT-AMPERE TEST 


about equal to the arrester resistance, say 25 to 75 
ohms for a given type. The gap G, measures the volt- 
. age rise across the arrester and G, the drop in the re- 
sistance R,, being thus a measure of the current. R, 


must be known exactly, but the other resistances need 
not be measured. 


a sre ORO iO Paste: 


(Cox and Legg--Concluded from p.141) 


side of the hour-circle. The hour-circle and the ground 
binding-post are in a recess, so that there is no pro- 
trusion beyond the 12 by 12 cases. The top of the 
movable part of each electrode is protected by a cap- 
nut over the electrode binding-post. With this ar- 
rangement, no delicate mechanism of any kind is 
exposed, and the instrument may be carried or shipped 
without danger of breakage. | 
Introduction and Removal of Film. In loading the 
klydonograph the whole top is removed, with the 
electrodes attached. The 8-ft. roll-film, with steel 
pins in spool ends, is inserted between the main drum 
and the roller having the larger pulleys. The opaque- 
paper end is brought vp over the main drum and in- 
serted in the slot in the empty spool between the other 
roller and the drum. This spool is turned until the 
opaque paper is tight over the upper half of the drum 
and the second roller is twisted until the lower halves of 
both spring belts are tizht and the upper halves rela- 
tively slack. The cover is then replaced, with the 
electrodes bearing on the opaque paper on top of the 
drum. The hour ciréle is then drawn out, thus disen- 
gaging the drum from the clock pinion, and is turned 
until the joint between the opaque paper and the 
sensitized film is detected by the upward movement of 
the electrodes (easily seen, or felt, when the cap-nuts 
are removed). The hour circle is turned in until the 
graduations indicate the proper hour and fraction 
thereof, taking the nearest long mark to represent the 
nearest quarter of the day (6 or 12 o’clock, day or night). 
At this proper setting the hour circle is released so that 
the gear on the other end of the drum shaft engages 
with the clock pinion, thus driving the film 1% in. per 
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The power-follow test is made to determine the 
ability of the protective device to relieve the surge, 
but limit and stop the flow of current from the line. 
A circuit such as Fig. 23 may be used. In this) the 
surge current measuring resistance R, is placed oy. )- 

; aa ce of Electro 
_ QDischarge 


Power 
3 Transformer 


Ie =$To Oscillograph 
FIG, 23—CONNECTIONS FOR POWER-FOLLOW TEST 


side the transformer circuit, so that the normal fre. 
quency current will not affect the results. The gap Gy 
is adjusted for condenser voltage plus the line voltage — 
of the transformer. The power circuit disturbances 
are recorded by an oscillograph. ) 


OBABLY in no other 

ranch of engineering ap- 

ation is time of such vital 

ern as in the protection 

actrical apparatus against 

effects of so-called light- 

‘disturbances. In power 

sits where sixtieths of a 

nd are acommon meas- 

‘a thousandth of a sec- 

can be regarded as a 

Mi unit. However, when 

mging for the direction 

ehtning surges into harm- 

‘paths, and for the pre- 

ition of the power current 
7 that tends to follow, 

fainty of results can be 

ained only by giving care- 

consideration to happen- 

$that take place in mill- 
ths of asecond. The safety | 
thousands of dollars worth of apparatus 
d the assurance of uninterrupted service 
ly depend upon what takes place in so short 
interval. For this reason a thorough un- 
Standing of the electrical characteristics of 
= almost instantaneous modern lightning 
ester is very desirable when applying this 
vice to the protection of lines and appa- 
D1 Ss. A % 
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device, 


hr., for seven days. Meanwhile the daylight-intensity ~ 
indications, the luminous-paint time markings, and any — 
surge phenomena, have made their impressions on the 
photographic film. After the seven days are up, 
the hour circle is pulled out and turned onward so as to _ 
roll up the last of the film and opaque paper on the © 
second spool. The cover is then lifted and this re- 
rolled film-cartridge removed, without resort to a dark 
room. Later the films may be developed by any — 
photographer or by the operator in a suitable dark room. 
Calibration and Tests. The calibration of this roll- 4 
film-type of klydonograph proved to be very nearly — 
the same as that for the plate type; the main difference ~ 
occurring at the lowest perceptible voltages where the — 
effect of the dielectric constant, and thickness, is most 7 
apparent. Fig. 39 shows the calibration chart of radius : 
of figures (both positive and negative) to crest volts — 
applied. Fig. 40 shows a short length of film with — 
artificial surges, timing dots and: dashes, and daylight- | 
intensity record. The surge figures are described in 
detail in earlier parts of this article. Although the % 
normal continuous potential on the electrodes of this — 
instrument will be adjusted at 2500 volts, approxi- — 
mately, tests were made with a-c. potentials as high — 
as 25,000. volts without damaging the instrument or 
puncturing the film. The calibration is not satis- q 
factory beyond 18,000 volts, but this is 700 per cent — 
above normal, and hence gives a very great range to 
the instrument. Since there is no power backing the — 
surges as picked off an electrostatic potentiometer, and — 
since the instrument stood higher voltages, backed with — 
power, than can be met in practise, it is undoubtedly — 
safe for the service intended. — | > 


© Bound Charge | 

Consider two plates of an air condenser 
Tepresented by plates A and C, Fig. 1. 
et A be charged negatively and C positively, 
7 Some appropriate source such as a static 


“Oduced it is well known that on plate B 


/@nd a negative charge opposite plate C. 
the static machine is now removed and 
s,~s 44 and C connected together no charge 
Mil be found on plate B assuming that it has 
p? kept perfectly insulated. 
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achine as shown. If now metal plate B is 


Positive charge will be found opposite plate 


Dr. Steinmetz made a 
noteworthy contribution to 
lightning arrester develop- 
ment when with his lrght- 
ning generator, and the 
sphere gap as a measuring 
determined the 


impulse breakdown values 
at various wave forms and 


currents. He regretted, how- 
ever, the lack of a measuring 
device that would give a com- 
plete history of the action 
‘within the arrester. The re- 
sults he sought are now 
attainable and are here pub- 
lished for the first time. 
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If, as in Fig. 2, a very high 
resistance is connected be- 
tween plates B and C, then 
no field will exist between B 
and C if the voltage is applied 
very slowly between plates, 
since the negative charge will 
leak off plate B. In order, 
however, that the potential of 
plates B and C’ be substan- 
tially the same it is necessary 
that the rate at which the 
negative charge can leak off 

- be equal to or exceed that at 
which plates A and C are 
charged. 

Under these conditions as 
long as the voltage is main- 
tained between plates A and 
C the positive charge on plate 
Bis said to be bound. When, 

however, A and C are con- 
nected together then the positive charge 
in plate B is freed and a voltage transient will 
appear across the resistance R which will 
persist for the time it takes all the positive 
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: charge to pass through the high resistance 
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to the plate C. In the foregoing discussion it 
has been assumed that the plates are all 
large in extent compared to parts considered, 
so that all of the field between the two outside 
plates passes through the middle plate. | 


Lightning Transients on Overhead Wires 
The principle of the bound charge 1s 

useful in showing the production of high 

voltage transients due to lightning discharges 


- to ground or between clouds. 


A cloud having a negative charge drifts 
over a transmission line, causing a separation 
of charges on the wire with the result that 
the negative charges on the wire pass to 
ground by leakage over insulators or through 
the neutral connection of transformers 1n 
case the neutral is grounded. This condition 
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is illustrated in Fig. 3. As the motion of the 
cloud is comparatively slow, being a matter 
of minutes, the voltage appearing across 
insulation during the movement of negative 
charges to ground is not of importance. When, 
however, the field from the cloud to earth 
suddenly collapses as the result of a lightning 
discharge, a voltage with a positive polarity 
appears on the transmission line at a rate 
corresponding to the rate at which the field 
from cloud to earth changes. Assuming 


Fig. 1. Diagram of Condenser Excited by Static 
Machine, with Third Plate Interposed 


that the field changes at such a high rate 
that the leakage conductance to ground can 
be neglected, which is a representative condi- 
tion, the maximum value of potential induced 
at any point on the line will be equal to the 
average potential gradient (in kilovolts per 
foot) at that point multiplied by the height 
of the line (in feet) above the ground. Any 
sudden change in the electrostatic field in 
which the conductor is located will cause an 
induced voltage to appear at a rate deter- 


A B 
Peay Tepe) ake 
Mp 


Fig. 3. Bound Charge on a Transmission Line 
Induced by a Thunder Cloud 


mined by the rate at which the field changes, 
assuming that the leakage conductance be 
_ neglected. . 

As soon as the potential appears on the 
line a wave begins to travel away in either 
_ direction having a wave front determined 
by the change in field between points A 
and B, Fig. 4, and also by the rate at which 


(}) For an excellent discussion of the effect of lightning on 
transmission circuits, reference should be made to a paper by 
E. E. F. Creighton, Transactions of the A.I.E.E., vol. 35, 1916, 
page re and also to F. W. Peek, Journal of the Franklin Insti- 
ute, 1 


(2) F. W. Peek, Journal of the Franklin Institute, 1924. 
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the field under the cloud collapses when Fo F to be discharged to ground 


: q current ve will not exceed 
lightning discharge takes place. Accordin. be case Of a traveling MEANS yan oh 
to calculated data given by Peek@) for Ea lue obtained by dividing the impulse 


| | e insulators by the surge 
hover eer Vad an overhead line will 
el neighborhood of 500 ohms. A 
Ys walue of 2 amp. per kilovolt has been 
e Ne used when determining the current 
be discharged to ground to properly 
- apparatus from the action of traveling 


cloud 1000 ft. above the earth’s surfate the 
‘potential 14 mile from the point A (Fig, 4) 
is 12.4 per cent, while a mile away t d 
‘potential is only 3.6 per cent. These figures 
indicate that the steepest traveling way, 
would not occupy a space shorter than 3 7 
mile, not considering of course the effec¢ 
of : direct stroke on the line. In prec - arrester and the apparatus. to be 
acted is under the cloud which dis- 
2 a a steeper wave may be im- 
ees he rate at which the 
ceed on apparatus. The rate at which t 
= ‘ll rise depends on the rate at which 
ee Gel is not dependent 
= cloud field changes but is not dep 

the diminishing potential gradient along 
S line as we pass out from under the 
ged cloud. Assuming that the time 
ren for electricity to travel from the 
aiid to the earth be considered as the limit- 
‘time, then with a cloud approximately 
00 ft. above the earth, maximum potential 
ald be reached in one micro-second. 

The maximum current to be discharged 
> an arrester depends on the network to 
hich the arrester is connected and the 
Osition of the cloud. If the arrester is remote 
om the cloud then the current may be 
presented as previously stated, _ being 
proximately two amperes per kilovolt. 
however, the arrester is connected to a 
Mction point where more than one line is 
mnected to’ the arrester and at the same 
me a cloud overhead discharges, then the 
frent to be discharged is multiplied by 
€ number of circuits which may discharge 
to the arrester in parallel. On this basis 
€ arrester may be called upon to discharge 
itrents as large as 4 to 8 amp. or even 
lore per kilovolt of the impulse. The voltage 
© be used in making the determination 
_the current is equal to one-half the height 
[ the line times the average potential 
fadient existing at that point at the time 
he lightning flash occurred. This value of 
ne-half is used because all of the energy 
E a bound charge is electrostatic until 
Utrent begins to flow when it becomes half 
Magnetic and half electrostatic. (The stored 
nergy varies as the square of the voltage 
Md the first power of the capacity. The 
@pacity involved in the traveling wave is 


A 


B 


Fig. 2. | Conditions Where Third Plate is Connected to 
One Condenser Plate Through High Resistance 


the average traveling wave front is probably 
longer than this, being perhaps of the order 
of 5000 ft. in length. This means that the 
time requited to rise from close to zero to 
the crest value would require at least 5 
micro-seconds (980 ft. equals one micro- 
second), i 

The maximum voltage of a wave set free. 
by the lightning flash is limited by the flash- 
over value of the insulators. A higher poten-. 
tial than this may be induced but will flash 


_ Fig. 4. Release of Bound Charge by Neighboring 
Lightning Discharge 


over the line insulators, thus preventing fut- 
ther rise in potential. The impulse flashovet - 
of insulators will vary with the wave front 
being higher with steeper waves but may 7 
be considered as from 2 to 214 times the 60-— 
cycle flashover value. j 

In the absence of conclusive experimental 
data it seems safe to assume that the maxi- 
mum rate of potential rise of a traveling wave” 
caused by the release of a bound charge will 
be such that the crest voltage is not reache 
in times shorter than two micro-seconds. 


Preading of the charge along the line as it 
» Teleased. The same principles apply here 
4 are used when considering the voltage 
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reflection occurring at an open-ended line.) 


~The maximum potential gradient to be ex- 


pected “will probably not exceed 100 kv. 
per foot times the height of line in feet above 
the earth. Most of the gradients found in 
practice will be less than this.) _ | 

The conditions imposed by a direct stroke 
are more severe and may in extreme cases 
destroy both the arrester and the apparatus _ 
which it is intended to protect, although 
many cases are on record where the arrester 
was destroyed and the apparatus came through 
undamaged. : 


Lightning Arresters of Various Types 
The simplest form of arrester is a gap 
connected between line and ground, and 


if it is a sphere gap it constitutes a device 
which will give excellent protection, as a 


sphere gap will discharge at practically the 
same voltage on an impulse as at 60 cycles. 
The gap can be set at say two times normal 
line voltage and it will begin to discharge 
at the predetermined voltage and relieve — 
the line of the impulse. Only in the break- 
down, however, does the gap fulfil the re- 
quirements for an arrester, because the arc 
across the gap to ground which follows 
becomes a serious disturbance causing breakers 
to open, and resulting in interrupted service. 
The gap represents a good form of pro- 
tector for circuits where no current can 
follow the impulse, either because the system 
voltage is too low or does not exist. Radio 
antennae, telegraph and telephone circuits 
are of this type. On account of the small 
gap spacing in such arresters, specially 
prepared and shaped electrodes are used. 
For power circuits such an arrester 1s some- 
times used to protect the neutral wire on a 
three-phase grounded distribution circuit. 


Gap Resistance Arrester 

Since the gap alone acts as a switch to 
connect the line to ground at a certain voltage, 
but does not open itself after the impulse 
has passed, experimenters found that the 
addition of a series resistance to limit the 
follow current (system current folloying the — 
impulse) would allow the arc to rise on the 
spheres (or horns) so that eventually it 
would cease. The presence of series resistance | 
also acted to damp out the effect of the 


arcing ground in producing oscillations in 


twice that of the bound charge due to the > 


the system. Such an arrester allows the 
flow of follow current for a considerable 
period of time which is disturbing to the 
circuit despite the presence of the series 
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resistance. If the series resistance is made 
high enough to limit the follow current to a 
low value it also limits the impulse current 
to a low value which means poor protection. 

To this class also belong arresters having 
switches or other mechanical means to aid 
in extinguishing the arc. Although such 
apparatus has found some application in 
this country as well as abroad, yet an arrester 
of this type in general either gives good 
protection but creates a large disturbance 
to the system or gives poor protection and 
causes but little disturbance. Furthermore, 
arresters employing mechanical motions must 
be relatively slow and allow a considerable 
period of disturbance during the arc ruptur- 
ing process. 


time. 


impulse Failure Potential 


next to be described. 7 
Valve-type Arresters 


valve-type arrester are given as follows: 


60 Cucie Failure Potential 


: the insulation to be protected. 
Potential Allowed bythe Arrester 


System 
Potential 


Fig. 5. 


Conditions to be Met by Valve-type 
Arrester 


The lower voltage arresters (below 11,000 
volts) could not use as satisfactorily the 
arc-extinguishing property of the arc rising 
on spheres or horns, because of the close 
spacing, and for these it was desirable to 
find other means of stopping the flow of 
follow current. This was accomplished by 
subdividing the arc into a series of small arcs 
and by the use of special metals for electrodes 
which tended to discourage the arc. Series 
and parallel resistances were used in certain 
combinations with gaps, all for the purpose 
of aiding in suppressing the arc and still 
interposing the least possible series resistance 
in the discharge path to ground. The arresters 
which were developed for distribution service 
have given very good service in the field 
compared to the series resistance-gap type 
used for the higher voltage service. This 
situation is no doubt at least partly due 
to the fact that the distribution arrester 


give the best protection. — 


follow the impulse. 

charge an impulse the circuit should not 
be disturbed by the arrester’s action, 

which can only be true when the arrester 


no system current follows the impulse. 


that it has a factor of safety against 
failure such that the arrester will not 
fail under any usual service condition. 
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only allowed follow current to flow until the — 

_ end of the half cycle in which the impulga 
occurred, while the high-voltage type alloweq — 
current to flow for appreciable lengthy of 


With all of the gap-resistance type,-anq_ 
especially the high-voltage arresters of this 
type, it has been necessary to sacrifice — 
protection for the ability to extinguish the 7 
arc following the impulse. To use a homely 
illustration the barn door has been opened 
and the horse allowed to run away, and 
now it is necessary to catch him and put him — 
back in the barn. It would have been much — 
better to have opened and closed the door — 
so quickly that the horse did not have'time — 
to get under way, and this in a sense ig 
what is done with the valve-type arresters 


The conditions which must be met by a 


Gy) The voltage across the arrester during : 
a discharge must not exceed a certain © 
predetermined value which is safe for 1 


The degree of protection afforded by — 
_a lightning arrester depends not only 
on the crest value of the voltage which — 
the arresters allow on insulation, but — 
also on the length of time during which — 
it is applied. In general the breakdown — 
strength of insulation increases as the — 
time of application decreases, which © 
means that an arrester cannot. be — 
judged solely with regard to the crest 7 
voltage across it during discharge, for — 
of two arresters having equal crest — 
voltages during discharge, the one having — 
the shortest time of discharge will 4 


(2) The lightning arrester must not allow q 
appreciable current from the system to — 


When the arrester operates to dis- 


characteristics are such that little or : 


(3) The arrester should be so constructed — 


(4) The characteristics of the arrester should : 
remain practically constant during the 
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‘Jife of the arrester which should be at least 
as long asthe apparatus which it protects. 
.o This refers, of course, both to its 
ability to protect insulation, and to 


“to the circuit to which it is connected. 
To meet these conditions a perfect valve- 
Se arrester would operate over a voltage 
see such as shown in Fig. 5, so that for 
 . plied transient the voltage allowed 
he arrester would not exceed the 60-cycle 


t 


jure value of the insulation, and so that 
> yoltage across the arrester never becomes 
sec than the crest value of the system voltage 
“that system current does not follow the 
pulse. Such an arrester could be operated 
, alternating- or direct-current. circuits 
jually well and without a series gap. 
Mithough the modern valve-type arrester, 
las represented by the oxide film or pellet 


\ Aa 
L 


spresented by Fig. 5, yet a small leakage 
rent flows at normal system voltage such 
hat the use of a series gap is necessary, so 
hat the arrester is connected to the circuit 
nly when it is needed. 


Arrester Characteristics 

In the valve-type arrester the gap serves to 
onnect the arrester element to the circuit 
md the arrester element stops the current 
OW without requiring any help from the series 
ap. It has recently become possible through 
le use of the Dufour cathode ray oscillo- 
faph®) to take volt-ampere, volt-time or 
arrent-time curves on arresters when dis- 
harging an impulse which lasts only a few 
allionths of a second. Tests made with this 
evice show that all arresters using series 
aps have two phases to their.operation with 
espect to the applied impulse, The first 
s the gap breakdown and the second is the 
& drop through the arrester element which 
llows the gap breakdown. A volt-ampere 
atve taken on a water-tube resistance in 
sues with a gap will illustrate these phases. 
in Fig. 6 four oscillograms are shown giving 
q volt-time, ampere-time, and volt -ampere 
ives for a sphere gap in series with a water 
->°: _These curves were taken with impulses 
ipplied by an impulse generator. Con- 
ction to a source of continuous power 
> Hot made for these tests as previous 


feo and E. J. 

@ P7225, p. 622. 

© erratic ‘atiations in breakdown potential are largely due to 

On in bre panavior of the series gap. An appreciable varia- 

here gan. OW" voltage is usually experienced when using 
PS on impulses, especially at small spacings. 


i 
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" keep itself from causing any disturbance | 


ach Stedy a Time Lag of the Needle Gap,”’ by K. B. Mc- 


mresters, meets quite closely the conditions | 
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oscillograms have shown that the impulse 
characteristics are not changed by- the 
addition of the 60-cycle supply. The upper 
left-hand curve in Fig. 6 shows the volt-time 
curve, the voltage rising very rapidly to 12.6 
kv., at which voltage the gap broke down. 
The voltage dropped at once to a low value 
rising again as the current increased until 
a crest value of 17 kv. was reached after 
which the voltage decreased, requiring more 
than 150 micro-seconds to reach the zero 
value. This oscillogram gives a good represen- 
tation of the entire volt-time characteristics. 

~The upper right-hand oscillogram shows 
another application of the same transient 
to the resistance-gap arrester but the time 
scale is so magnified by the use of the 50,000- 
cycle timing wave that it is easy to distinguish 
between the breakdown of the gap and the 
resistance drop across the water tube. This 
film shows that the potential rose to 10.8 


kv. in about 1.5 micro-second. This film 


also shows the voltage drop across the water- 
tube resistance as it increases with the in- 
creasing .current. Because of the relative 
slowness of this part of the characteristic 
it is more réadily obtained from a film such 


as shown at the upper left. 


The oscillogram shown at the lower left 
gives the ampere-time relations for the same 
arrester and the same impulse. The crest 
value of current was 610 amp. which was 
reached in about 20 micro-seconds. The super- 
imposed timing wave has a frequency of 
50,000 cycles. ae 7 

The volt-ampere relations given at the 
lower right show very plainly the two phases 
of arrester action, i.e., the breakdown and the 
subsequent resistance drop or its equivalent. 
On breakdown the voltage rose to 12 kv., 
dropped to approximately zero and rose to 
18 kv. with a current of 580 amperes flowing. 
This oscillogram shows that a sphere gap 
connected in parallel with the arrester would 
indicate 18 kv., which value is dependent 
on the amount of current flowing. If, however, 
the resistance of the arrester element was 
reduced so that the JR drop was less than 
12 kv., then the same sphere gap would not 


read the IR drop but would indicate the © 


breakdown of the gap. A study of the film 


‘shows that the time to reach breakdown of 


the gap is short while the time involved during 
current flow is much longer which means 


that with this type of arrester the resistance 
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drop is more important from the standpoint — 
of strain on the insulation which the arrester 
is trying to protect than is the breakdown. 


: b \ 


CHARACTERISTICS OF LIGHTNING ARRESTERS 


The arrester represented by this particular 
resistance and gap could be improved from 
the protection standpoint by decreasing 
the resistance until the JR drop was less 
than the breakdown voltage. To do this, 
however, would mean an increase in the 
amount of follow current which is nearly. 
120 amp., assuming the system voltage to 
be 2600 volts effective, based on the 31 ohms 


wy. 


transient that was used with the resistance. — 
gap arrester whose results were given in Fig, ¢. — 


The upper left-hand figure is the volt-time 
curve and should be compared with the 


corresponding oscillogram in Fig. 6. The ; 


breakdown voltage was 9.7 kv. while the 


crest value of the IR drop was 4.5 ky, | 


decreasing to 2.1 kv. The volt-time curve at 
the upper right shows a breakdown voltage of 


Volt-time Characteristics 


In the left-hand illustration the initial rise and fall of the curve at the beginning of the micro-second scale is shown spread | 


out horizontally in the right-hand illustration between the 3.25 and the 4.75 points on the micro-second scale. 


Ampere-time Characteristic 


' Volt-ampere Characteristic 


Fig. 6. Cathode Ray Oscillograms Showing Impulse Characteristics of Resistance-gap Type Lightning Arrester 


resistance used in this test. It should be noted 
in particular that this type of arrester has no 
inherent valve action, which keeps the voltage 
up sufficiently following a discharge so that 
only a very small system current can flow. 

It is interesting to compare the operation 
of a pellet arrester with the resistance-gap 
type. The pellet arrester is representative 
of the highest grade protection found in 
modern valve-type arresters. 

The oscillograms shown in Fig. 7 were 
taken in the same circuit and with the same 
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9.1 kv. after which the potential drops to 
a little less than half this value, showing the ~ 
excellent protective characteristics of this — 


arrester. | 


The oscillogram in the lower left portion 
of Fig. 7 shows that the current of the surge ~ 
is discharged in about one-half the time — 
required for the resistance-gap arrester and ~ 
that the crest value of the current is 870 amp- © 

The volt-ampere oscillogram given at the 
lower right shows clearlythe difference between ~ 
the pellet arrester and the resistance-gaP © 


~Ag 


2 


caret hh - 


ia 
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having the constants used. The 
down voltage was 9.7 kv. and the 
mum IR drop 4.5 kv. with 850 amp. 
ing thus showing an internal resistance 
Bonl 5 ohms, indicating that the arrester 
.. the least resistance in the path of the 
echarge which is compatible with the proper 
x tion. 

Ne oscillographic records show clearly 
, valve property as a result of which the 


-rester 


A 


[iQ 


Ampere-time Characteristic 


“sistance becomes very low with large current 


Owing and yet has sufficient voltage across 


ne arrester at the end of the discharge to pre- 
rent thé flow of disturbing follow current. 
Onclusion | | : 

Por the first time the protection character- 
v~> Of a complete lightning arrester have 
_. Siven showing clearly the volt-time, 
oc ume and volt-ampere curves. The 
a Phases of operation of the arrester are 
yen showing the relation of the breakdown 


Poltage of the gap, and the voltage drop 


' 


/ 
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following the gap breakdown. Arresters differ 
greatly in these important time relations, 
and different types of arresters with the same 
voltage measured across them with a sphere 
gap may readily give altogether different 
degrees of protection. The results show 
that the pellet oxide-film arrester has a low 
voltage breakdown with a still lower resist- 
ance drop and the ability to discharge large 
currents readily. : 


- Volt-time Characteristic | 


fl As in Fig. 6, the initial steep rise and fall of the curve in the left-hand illustration is horizontally magnified in t ight- 
hand illustration between the 1.25 and 2.5 points on the time scale. wpe Sa Cuaiean hace fare ee ARE CIN 


Volt-ampere Characteristic 


Fig. 7. Cathode Ray Oscillograms Showing Impulse Characteristics of Pellet-type Lightning Arrester 


The proper design of a valve-type arrester 
requires that an arrester of this type should 
allow a low resistance path to ground and yet 
as the current of the impulse decreases 
maintain sufficient voltage across the arrester 
so that appreciable system current does not 
follow the impulse. Previously it has not 


been possible to determine the protection 


characteristics of arresters in detail, but 
now with the cathode ray oscillograph means 
are available for determining the protection 
qualities of a lightning arrester while func- | 
tioning on steep-wavefront impulses. 
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Study of Time Lag of the Needle Gap 


BY K. B. McEACHRON* 


Member, A. I. E. E 


- Synopsis.—T he study of high-voltage, steep-wave-front transients 
is difficult from the experimental standpoint because of the very 
short times involved. Due to the improvement which the cathode-ray 
uscillograph has enjoyed in recent years, a device is now available 
by the use of which transients occurring in times as short as one- 
millionth of a second or less may be photographed. In the paper, 
the authors used an oscillograph developed by Dufour in France, 
with which a brief study was made of the time lag of needle gaps and 
of a needle to a plane. 

A description of the oscillograph is given including a discussion of 
the method of operation. The photographic film is placed inside the 
tube so that the electrons impinge directly on the film. The wave is 
drawn out along a time axis by the combined action of a sweeping 


E. J. WADE* 


Associate, A. I. E. E. . 


and 


@ 


aton and a perpendicular oscillating motion imparted to the -¥ 


electron stream by the action of proper electromagnetic fields. 


Tests were made with a wave which was nearly perpendicular, ae 1 
reaching its maximum in about one microsecond. Such a wave was : 
obtained by the discharge: of a condenser through a suitable circutt, 


An oscillogram which shows the wave front used is given, and at- 


tention.ts directed to the 20 ,800-kilocycle oscillation which appears 


superimposed on the wave front. 


The results of tests in which this wave front was applied to gaps a 
are gwen and it ts shown that with any given gap setting and sparking | q 


voltage that the time lags vary through wide limits. It is also shown 
that, for the same voltage, increased gap settings mean increased lag. 
The per cent overvoltage required to keep the lag to two ic OsCe Ce 


or less decreases as the gap spacing increases. 


THE STUDY OF TRANSIENTS 


NE of the most difficult and perhaps also one of 
the most fascinating problems which the electrical 
engineer of today is called upon to study is that of 

the transient phenomena occurring in electrical circuits. 
Failure of apparatus, caused by the puncture or flash- 
over of insulation due to overvoltages the duration of 
which may be of the order of a few microseconds, has 
_ made desirable the use of lightning arresters which limit 
the voltage to safe values. Since in practise many of 
the steep front traveling waves are the result of the sud- 
den releasing of a bound electrostatic charge, lightning 
arrester laboratories have used the discharge of a suit- 
able condenser to simulate the actual line condition. 
For this purpose, and for the study of the action of 
insulation and gaps, impulse generators have been built 
- which may be charged to values as high as 2,000,000 
volts. 

The calculation of such transients is not Foc bioie 
so long as the voltage is low and the wave front not too 
steep. However, with the higher voltages and very 
steep wave fronts, assumptions are often made, the cor- 

rectness of which is at least open to question. The 
_ sphere gaps which are used are assumed to be instan- 
taneous, and the resistance of the gap after arc-over is 
assumed to be negligible. The inductance and capaci- 
tance of the connecting leads is often neglected, while 
the influence of the test piece itself on the wave shape is 
_ frequently unknown. The circuit usually comprises 
loops which anyone familiar with radio knows are likely 
to mean coupling that may give rise to erroneous results. 
The limitations and some, at least, of the possible 
sources of error involved in the use of the impulse gener- 
ator have been recognized by lightning-arrester engi- 
*Both of the Research Section, Lightning Arrester 


Engineering Department, General Electric Oe Pittsfield, 
Mass. 


Presented at the Regional Meeting of Dist. No o. 1, Swampscott, 
Mass., May 7-9, 1925, and at the Annual Convention, Saratoga 
Sprcige, N. Y., June 28-26, 1926. 


neers for some time. 
this paper began to search for means for recording, on a 


photographic film, transient phenomena the frequency — 


of which might iis a million cycles per second or more. 


As a result of this search of the literature, the device — 


described in this paper was found. 


OSCILLOGRAPHS 


The frequency limit of the ordinary Duddell oscillo-. q 
At 9 


graph is in the neighborhood of 15,000 cycles. 
this frequency the errors due to mechanical inertia are 
large and it is impossible to do more than count the 
cycles; the wave form cannot be distinguished. 

A satisfactory oscillograph for the delineation of the 
volt or current-time characteristic of a short-time. 
transient must satisly the following conditions: 

1. The device must have no appreciable inertia and must be 


capable of operating at a frequency of at least one million \ eyes 


per second. 


2. The device must use little energy in its operation, so that — 


its use will not appreciably disturb the original circuit. 3 
3. The device should be capable of registering both voltage 


_and current simultaneously. 


4. The apparatus must be so arranged that a single impulse 
will be sufficient for a satisfactory photographic impression. 

5. The oscillograph should be as simple as possible and have 
sufficient accuracy so that the results may be used with 
confidence. 

The first point can be satishies only by some device 
using the flow of electrons. When thinking of the 
available devices making use of such a flow, one natu- 
rally turns to the Braun tube which has been used for 
many years as an oscillographic device. As originally 
developed, the Braun tube consisted of a cathode and an 
anode in an exhausted tube, together with a fluorescent 
screen. Unidirectional voltage from a static machine 
causes a flow of electrons from the cathode to the anode, 
some of which pass through a small hole in the anode 
and are deflected by magnetic or electrostatic fields 


produced by the phenomena being studied. The rays 


then a on to the fluorescent screen where a vera is 
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ie years ago the authors of © 


Re. ne 1925 
nates of which are determined by the 
| fields. If the phenomenon repeats itself the 
a ears as a stationary pattern, and may be 
erie photoaical using an exposure of several 


Bod the coordi 


5 3ecO 


be has negligible inertia, and very little 


un tu 
ie Br quired to cause the deflection of the cathode 
: gl Its speed is the speed of the electron which may 


4 a Ww wide limits especially if using a 
varied between quite wide limi p 

Fe iad bei as in the Western Electric tube'. he 

nea T 


ypper limit of velocity 1s perhaps one-half that of light. 
“The fourth condition mentioned, that of recording a 
ingle impulse, may be satisfied by placing the photo- 
~aphic film inside the tube in such a way that the elec- 
4 grap stream impinges directly on the film. This has 
4 a done by several investigators with marked success. 
Feme additional ® photographic effect can probably be 
obtained by the use of the heated cathode, but to get 
h: igh electron velocities a very good vacuum is required 
which makes the operating technique more difficult. 
“Many references have been found in the literature 
¢ concerning the Braun tube and its uses. Most of this 
material has been the result of investigations done in 
foreign countries. All of the early work was done with 
fluorescent screens which limited the oscillograph to use 
with phenomena which could be duplicated, since the 
time of exposure was very long compared to the dura- 
tion of most transient phenomena. 

8. R. Milnor? in 1912 reported a ware einuers char- 
a eteristic of an are at a frequency of two million cycles. 
T This work was done with a cold cathode and a fluores- 
cent screen, but he was able to make the phenomenon 
repeat itself exactly. 

_ The first reference to the use of the photo graphic film 


Dufour? in Comptes Rendus in 1914. He stated that he 
i had obtained on a film a space of 1 millimeter cor- 
Tesponding to an interval of time of one three-mil- 
lionth of a second. Dufour succeeded in doing this by 
the use of a method of registration which is described 
more in detail later in this paper. | 

; In 1919, Sir J. J. Thompson‘ in a lecture before the 
Royal Institution stated that, when using a hot cathode 
With the film inside the tube, an exposure of one- 
hundred thousandth of a second would be sufficient to 
excite the photographic plate. This reference also 
Mentions the use of an auxiliary deflecting alternating 
current which produces the time axis and which could 
piso be used for timing the phenomenon. 

_ In a valuable contribution appearing in the L’Onde 
Blectrique i in 1922 Dufour’ describes a cathode ray tube 
which he used successfully with transients up to a 
fundamental frequency of 750,000 cycles with har- 
Monics showing plainly at a frequency of 3,000,000 
cycles, To produce a time axis, Dufour used the rise of 
Current in an inductive circuit to draw out continuous 
. 1. See list of references at end of paper. 
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i inside the tube appears in an article by Alexander . 


OF THE NEEDLE GAP 


oscillations from an are generator. He used a cold 
cathode with the photographic plate inside the tube, the 
tube being connected to a continuously operating air 
‘pump. This apparatus was used in studying the an- 
tenna currents in the wireless system on the Eiffel 
Tower. | 

In 1921, Dr. D. A. Keys’, in an article entitled A 
Piezoelectric Method of Measuring Explosion Pressure, 
used a cathode oscillograph as the indicating device for 
the determination of instantaneous pressures in explo- 
sions under water. In this work Dr. Keys used a heated 
cathode with the photographic plate inside the tube. 

In 1922 Johnson! described a tube developed by the 
Western Electric Company which makes use of the 
hot cathode. This tube has a much higher sensitivity 
than the cold cathode tube used by Dufour. With any 

given tube the sensitivity depends on the speed of the 
electrons in the cathode stream and on the deflecting 
force. If high sensitivity is required, the use of the 
heated cathode will give very good results as it Is pos- 
sible to apply low cathode voltages and secure slow 
moving electrons. Since the cold cathode depends on 
positive ion bombardment for the liberation of electrons, 
quite high voltages are necessary, which means high 
velocity electrons. 

The name of Professor. Heads Ryan’ has been as- 
sociated with the cathode ray oscillograph for many 
years, he had a paper on this subject before the 
institute as early as 1908. | 

Important work has been done by several investiga- 
tors among whom may be mentioned Wood?, Minton’, 
and Chaffee, but enough has been mentioned to in- 
dicate the development of the cathode ray oscillograph 
in recent years. 


THE DUFOUR OSCILLOGRAPH 


For the study of high-speed transients then, it ap- 
pears that no better device is available than the oscil- 
lograph developed by Dufour. In the description of | 
this oscillograph which follows, the tube itself is iden- 
tical with that described ‘by Dufour®. The switching 
apparatus furnished by Dufour has not been used in 
this investigation*, 

Referring to Fig. 1 the oscillograph consists essen- 
tially of glass tubes a and 8, fitted by means of a ground 
joint into the bronze chamber c. The upper glass tube 
a carries the cathode and anode. The tube 0) has one 
pair of deflecting plates for electrostatic deflection of 
the electron stream. For magnetic deflection two sets 
of coils, 1-1 and 2-2, Fig.2, perpendicular to each other, 
are placed external to the tube and located slightly 
below the deflecting plates. The coils are arranged so 
that they may be rotated about the axis of the tube, thus 
allowing adjustment of ‘the angle between the axes of 
the deflecting fields. . 

To operate the oscillograph expeditiously, easy means 


‘*For a description of this part of the apparatus reference 
should. be bad to the work of Dufour. 
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must be provided for changing films quickly. It is also 
necessary that a fluorescent screen be arranged so that 
it can be removed when making an exposure. How 
this is done in the Dufour oscillograph may be seen by 


Fic. 1—Dutvrour OsciILLOGRAPH 


referring again to Fig. 1. The drum, which in the 
illustration appears in the foreground, is provided witha 
film magazine which allows six films to be taken in 
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Fie. 2—Di1acramMatTic REPRESENTATION CF OSCILLOGRAPH 


OPERATION: 


succession. When viewing the phenomenon, a fluores- 
cent screen is turned up into position covering the open- 
ing into the interior of the drum so that the films are not 
exposed when using the screen. After placing the. 
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films in the drum, it is placed inside the bronze chamber! 
The opening is closed by a door. 


and locked in position. 


having a very carefully constructed joint so that the 
tube may be made air tight. 


mechanism for changing films and moving the fluores- 
cent screen. 


cent sereen. | 


OPERATION OF THE OSCILLOGRAPH 


For slow speed work, a moving drum to take the 


place of the magazine drum may be used. This drum 


is driven by means of an external motor and magnetic 
clutch. A simple calculation shows that such a drum 


Fig. 3—MeEtHop or REGISTERING TRANSIENT PHENOMENA 


I. Sweeping III. Sweeping and Osciliator 
II. Oscillator IV. Transient superimposed on III 


cannot be rotated at a sufficiently high velocity to draw 
out the oscillations so that they may be studied. ‘To 
draw out a one-million-cycle wave in a manner similar 
to that used with the ordinary Duddell oscillograph, 
so that two millimeters are allowed per cycle, would 
require a film velocity of 2000 meters (6650 feet) per 
second. : 

This problem has been solved by Dufour in a very 
satisfactory manner. Rather than move the film, the 
electron stream is subjected to the action of auxiliary 
fields which draw out the wave without the limitations 


of a mechanical system, as shown in Fig. 2. The 


method by which this is accomplished may be under- 
stood by reference to Fig. 8. In I is shown the 
effect of passing a transient current through coils 1-1. 
With the proper circuit arrangements the beam is held 


Transactions A. I. E: E. 7 


Ue Three cocks, turning in. 4 
ground joints placed in the door, serve to operate the 


Two glass windows, one on either side of — 
the bronze chamber, permit of easy view of the fluores- _ 


3 he film at the top until ready for the photograph to 
: E eaken when a transient takes place which sweeps 
ee eam across the film holding it off the film at the 


00" : 
the sweePpins current. | 3 
“1” source of high frequency (a vacuum tube oscilla- 


or) is connected to coils 2-2, which are mechanically 


ms ce t : 
a oscillator traces a straight line on the film, the am- 


plitude usu 
yidth of the film. When coils 1-1 and 2-2 are operated 
gether the oscillator waves are drawn out as seen In 
111. If the oscillator frequency is 50,000 cycles and 
a e effective width of the film 100 m. m. (3.9 in.), then 
the average distance corresponding to one micro- 
second would be 10 m. m. ( 0.39 in.): This means that 
fa million-cycle wave were impressed on the deflecting 


Fig. 4—ImMPpuLsE GENERATOR 


Plates so that the beam was deflected thereby in the 
Same direction as by the sweeping current, it would be 
drawn out sufficiently so that the wave form could be 
determined and IV shows the effect of the combination 
of the three fields. The oscillator wave is the zero line 
tor the transient being studied, and it is a time axis 
Whose unit of measure is varying according to the sine 
law. The speed of sweeping is always a compromise 
between drawing out the oscillator wave and the 
difficulty of getting the unknown phenomena timed so as 
to appear on the film. With much slower speed phe- 
Nomena, the sweeping field may be placed 90 deg. from 
: hat of the unknown transient, so that the time axis 
becomes a straight line across the fim. This axis may 
be conveniently calibrated by superimposing. a known 
high frequency using the oscillator coils. 

Thus it is possible to get volt-time or ampere-time 


d 


tom. This transient current will be referred to as . 


d 90 deg. from coils 1-1. With coils 2-2 energized, | 


ally being adjusted to utilize the entire 
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curves with a time axis which can be calibrated with 
considerable accuracy.  Volt-ampere characteristics 
may be taken by applying to the cathode stream fields 
proportional to the voltage and current and spaced 90 
deg. apart. 

, THE CATHODE STREAM 


The best registration on the film is obtained when 
conditions are such that a fine pencil of rays strikes the 
film only when required. Not only is it desirable to 
hold the rays off from the film before and after the 
transient, but the operation of the tube is much im- 
proved if the cathode voltage is applied for Just sufficient 
time to allow the proper registration of the unknown 
transient.. : 

For a given voltage impressed on the cathode the 
sharpness of the trace on the film will depend on the 
degree of exhaustion of the tube. For the work de- 


scribed in this paper the authors have used a Langmuir | 


condensation pump, backed up by a two-stage oil pump. 
A McLeod gage was used to give an indication of the 
condition of the vacuum but the appearance of the 
spot on the viewing screen and the character of the 
discharge from the cathode itself, as viewed with the 
eye, gives a more accurate determination of the proper 


operating condition. A small tray of phosphorus 


pentoxide was kept inside the vacuum chamber which 
serves to keep the vapor pressure low. The entire tube 
is always kept in the evacuated condition except when 
actually changing films. This procedure aids in keep- 
ing the gas evolved by the walls of the tube down to a 


sufficiently low value so that the tube can be worked 


easily and quickly. 

The necessary cathode potential may be obtained by 
the use of either a high-voltage direct current, or a few 
degrees of the crest of an alternating potential. The 
latter method may only be used with phenomena which 
are fast compared to the change of potential during its 
registration. This method was mentioned by Dufour 
as being particularily adapted to the study of very 
short time transients, and as this method is very con- 
venient it was adopted for use in this study of gap 
characteristics. | ; 

TIMING THE TRANSIENT 


- The spot made on the photographic film by the elec- 
tron stream may travel as fast as 80 km. (50 mi.) a 
second across the film; and since it is not feasible to get 
a, developed registration length of more than 10 or 12 
meters (32.8 to 39.2 ft.) on the film, the transient must | 
be initiated during the very short interval of time in 
which the spot is sweeping across the film. : 

A rotary switching device has been built which makes 
the necessary contacts so that voltage is applied to the 
cathode, the sweeping started, and the unknown 
phenomenon so timed as to appear on the film. The 
oscillator is connected before voltage is applied to the 
cathode, and remains connected until after the exposure 
has been made. The arrangements are such that only 


o 
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the pushing of a button is required to set in operation a 
mechanism which makes all connections automati- 
eally. | pie " 


TIME LAG oF NEEDLE Gaps 


It is known that a needle gap shows considerable lag 
when subjected to steep wave front impulses. The 
brief study which is presented herewith measures 
definitely the lags encountered under the given con- 
ditions. The results are not complete, but do give for 
the first time, as far as the authors are aware, a direct 
measurement of lags as short as a few microseconds. 
The methods used here are being applied to the study of 
the problems encounteréd in lightning arrester practise 
and will yield results of great importance. 

The time lag of a gap may be taken as the time elaps- 
ing until breakdown occurs during which the applied 
potential exceeds the low frequency spark potential. 
For a voltage only slightly in excess of the low frequency 
spark potential the time lag may be long, while with 
steep wave fronts of high voltage it will be extremely 
short. The lag with any given gap is determined not 
only by the voltage at the time of spark-over but also 
by the shape of the wave front used. 

The purpose of these tests is to find the effect of 
successive increments of overvoltage on the time lag. 
To avoid the complication of a sloping wave front, it 
was thought best to use a wave as nearly rectangular as 
could be obtained. It is impossible to produce a per- 
fect rectangular wave but if the time required for the 
voltage to reach a constant value is small in comparison 
with the time taken by the gap under test to spark over, 
the error will be negligible. 


TEST ARRANGEMENTS 


An impulse generator, which was built for use in con- 
nection with the testing:of lightning arresters, was used 
as a source of voltage. This generator, which may be 
operated up to 100 kv., consists of two hundred glass 
plates with tinfoil coatings. The plates are divided 
into four groups connected in series, each group consist- 
ing of 50 plates in parallel, giving a capacity of 0.13 
microfarads. The photograph (Fig. 4) shows the com- 
pact arrangement of the plates and the kenotron equip-. 
ment which is used to charge the condenser. A con- 
nection diagram is given in Fig. 5 and shows the limit- 
ing sphere gap which determines the voltage at which 
discharge will take place. The water tube resistance, 
f,, allows the sphere gap to charge up properly, while 
FR, is used to control the wave front as will be shown 
later. The dividing condensers, C, and C,, were used 
for reducing the voltage to the proper value for the 
deflecting plates on the oscillograph. The use of a re- 
sistance potentiometer was considered, -but if a value 
low enough to record the wave form accurately was 
used, it would discharge the condenser too rapidly, so 
that the voltage applied to the needle gap would not 
be sustained. 7 


The oil-immersed dividing condensers are shown in. q 
Fig. 6, together with the needle gap being tested.. ~ 
These condensers consist of two fixed plates spaced ~~ 
0.8 mm. (1/32 in.) with a movable third plate having Ey : | 


: Water Tube 


Kenotron 


_Main Condenser 
gs 


@ Sphere 
Gap | 


Water Tube 
R2 
Rotary Water Tube Ri 
Switch 
=A a Needle Gap 
2 C1 


Dividing Condenser 


To 
Oscillograph 
Fia. 5—ConnectTion D1aGRAM 


micrometer adjustment. The capacity of C, at -the® 
setting used on the tests was about 20 micro-micro-- 
farads. Variablestray capacities to ground and induct- — 


ive effects between the condenser and the oscillograph — | 


Fie. 6—Divipine ConpEensers anp Trst NEEDLE-GaAP 


were eliminated by using a ground shield around the — 
dividing condenser and by the use of a concentric cable 
connection to the oscillograph. The grounded sheath — 
of this cable was made of braided bronze wire, the inner 
conductor being a fine manganin wire having a resist- 
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Be. 1925 
: about 100 ohms. This resistance was use Ako 


gnce OF llations originating in the dividing con- 


4 sel 
amp out © 


¥ lines. ie as 
- Pa irations were obtained. from capacity 
Vo 


: } 3 illograms 
5 ts, and more directly by taking osct tts 

7 ee ding a, known 60-cycle voltage on the dividing 

ywnen ; ) 


sondensers. 


The general arrangement of the different elements 


a, : cathode ray oscillogram is shown in 
° ae Beau tube oscillator may be seen just in 
4 4 t the oscillograph. The vacuum pumps are not 
' F being located under the table directly beneath 
a iJlograph. The rotary switch is housed in 
_ Fesre box shown at the right. Between the 
ee itch and the oscillograph are located the divid- 
Be consers and the test needle gap. ‘The entrance 
‘- fin s back of the test gap lead to the 200-plate 
BP ccnser, which is located close to the other side of the 


ic. 7-—LABORATORY SET-UP FOR THE StTuDY OF IMPULSES 


wall. When setting up this circuit, care was taken to 
make all connections as short and direct as possible. 


WAVE FORM 


_ Fundamentally, the circuit shown in Fig. 5 represents 
the discharge of one capacity into another with small 
Series inductance and considerable series resistance. 
The circuit is of course complicated by the use of series 
gaps, wires leading to oscillograph and ete. With such 
a circuit, the series resistance R, will increase the time 
required to charge the capacity of the dividing con- 
denser and connections. 

_ The effect of changing R, may he seen by referring to 
Fig. 8, which shows the wave fronts with three different 
Values of resistance. The method of registration used 
4S the same as that described in connection with Fig. 3 
and consists in applying an upward sweeping motion, 
Combined with the horizontal motion of the oscillator. 
Superimposed is the discharge of the condenser which 
IS initiated by the action of the rotating switch. 

_ On the oscillograms given in Fig. 8 will be found two 
Sets of oscillations, the first being damped out rather 
“Wickly. This oscillation, which has a frequency of 


Z 


4 STUDY OF TIME LAG OF THE NEEDLE GAP 


‘ 


‘Micro- Seconds. 


Fic. 8—Oscit.ocrams SHowine THE Wave Front USED: oN 
, Nerp.ie.Gap TEsts 


Film 300—Oscillator frequency 42.6 kc showing wave form with 1100 
ohms series resistance. Voltage reaches constant value in 2.5 micro- 
aT: pa Oreninter frequency 42.6 kc. Wave form with 570 ohms 
series resistance. Voltage reaches constant value in 0.4 microseconds. 

Film 593— Oscillator frequency 50kc. Wave form with 700 ohms series 
resistance. Voltage reaches constant value in 1.0 microseconds. Needle 
gap sparks after 0.83 microsecond. Gap setting 65mm. voltage 75 kv. 
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approximately 20,000 ki : z | one i 3 i 
limiting gap sparks. There is a certain anion cane © 60 Pani. This film shows a 50-kilocycle timing wave out certain relations which are brie y discussed. . 
interval between the Spablang ofthese two ee .. ch fixes thetimecalibration. Fig.9, Film 5438, shows | For each voltage used the gap signee an He 
ever, for the purpose of this paper the wave to be studied e ye result of tests on a 15 mm. needle gap with 22 kv. to infinite lag, will be slightly above t : me ese i 
is that found when the limitin B ephere pap sparks ; Bed. _ These oscillograms show very nicely the for that voltage. As the voltage applied to ; # is 
On each of these films time is measured alon ean ae reepness of the wave front compared with the time creased about five per cent in 4000 Lahaye bes O 
cillator wave beginning at the time when the main - sos, and also how well the cathode ray oscillograph leakage of the condenser, no oe ee ‘ ioe 
condenser discharge begins. : ®gapted to the study of short time phenomena. tests to get extremely long ue € ahs cen ea 

In making these tests the aim was to obtain oe *R esults obtained from a ses of oscillograms for voltage above the 60-cycle spark potential necessary 
wave front but at the same time to prevent the voltage ; | TEST DATA 

TABLE I 


from over shooting. Film 300 (Fig. 8) shows the main 
transient rising to its maximum value in about 2.5 


pe. $0100 180 | 200 
\Micro-Seconds 


LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 


VOLTAGE 22,000 
Per cent Sparkingt 


micro-seconds. Superimposed on this wave front are : Time* 7 Plei ae 
: : i : es - io} Mana. 
cegu ations which GaN ci ade vn of a combination of F Spacing Atmospheric nae are Time J.ags in Min. 1st 2nd 3rd 4th 
‘ete sai ueatae eiirey ay EGF Ne taken with ‘4 EO “Conditions ) per m. m. Microseconds - AV. range range range range 
ohms in series sh . O a? a ee — —_— Fano ya alee) Boe aT CT 
ha It imac eas ae of the oscillations : a Bar. 29.03 in. | 18.5 354—710 354222205 | Max. 850 48 30 0 22 
S a voltage exceeding the maximum value of the 1 Gap | Temp. 21.5 deg. cent 112-—205—615—298—850 | Min.. 55 | 
main transient. Beedle 93—760—205—205— 55 | Av. 323 
Th ] i 4 240—280—850— 75— 75 
_ € series resistance was reduced to 570 ohms and‘ 370— 93—175 
m 304 taken. Thi | 
vane his film shows that the main transient >. Bos in. a 1402 10 35-210 13° |' | stax: 280° a He na BA 
€s tO 1ts Maximum 1n about 0.4 microsecond. This Neodie.Gap | Temp. 22 deg. cent for 120— 27— 18— 50— 34| Min. 13 
° i ; IN} : : ere 
resistance 1s too small, however, as some of the crest 4 Ist 34 tests. : FEB, Sica anee es WO 
peri I 1 |. (a Rel. humidity 22 per cen —145—160— 
values of the superimposed oscillation exceed the final ] Bar. 29.3 in. Se er OTC 
voltage. 7 : x Temp. 18 deg. cent. for deci eaanee oat ane 
| | e 140—140— 23—172— 
A value of 700 ohms-was chosen as being the best ees nauiatty 55 per cent 145— 23—204— 18—272 
‘compromise between th Bar.28.5in. 23—245—145— 45—136 | 
; diti e sisgontess of Wave front and the Temp. 21 deg. cent. for 222—182—182—163—172. 
condition of over-shooting. Film 593 was taken, last tests. 
using this series resi | ; | 
fc Pi Ue esistance, and it was found that a time Rel. humidity 28 per cent. 4.5 181— 90— 14—136— 41 | Max. 272 17 33 20 30 
Of one microsecond was required for the voltage of the 15 m. m. Bar. 28.5 in. | 75—115— 81—213—107 | Min. 14 . . 
main transient to reach its full value (marked a on the i © | Temp. 18 deg. cent. for : LOO Tae nal ian ac 
film). This film is interesting as it shows the sparking . ae ae ity 55 per cent. 264— 82—240—136—226 
of a needle gap 0.8 microsecond after full voltage had a Bar. 28.5 in. a 182—190—226—168—190 
5 at ; Z. cent. 5 ith 
been applied. Fic. 9—Oscintocrams SHow1nG THE Time LaG or NEEDLE Gap Bessa. GH BoE. sa 
3 Film 543—Five tests on needle gap at 15 mm 22 k a ; } | | 
The ti RESULTS OF TESTS ie Film 558—Four tests on needle gap at 60 mm apace 58 kv. 50 4 Rel. humidity 55 per cent. 4.5 86— 14— 90—158— .14 Max. 226 53 20% 7 20 
€ ume lags under most test conditions used ex- © Timing wave. | : oe 5m. m. Bar. 28.5 in. saa 208—100— 82— 45— 59 | Min. 9 
ceeded two microseconds, which made the use of the : | ee (ome. 18 deg. cont. for Mo ara ey el RP 
1 ° Wb caie,t é 5 és JJulle s ests. 43— «do — okey Shee 
oscillator undesirable except for timing purposes: 8° continues, passing off the film at the right. Although ents Bee pumnidity:5o per ent eae k: ethGa 00 
: ° : } 4 226— 18— 13—132— 
therefore, nearly all results were taken with the sweep- the wave front in this film appears perpendicular, it is Temp, "21 aoe cent. for z 
ONE as this allowed several exposures on one film. Telly as shown in Fig. , fim 593. 3 last tests. ? e 
1 C . : 
six films and five tests per film, it was possible to ‘12 m. m. Bar. 29.05 in. 1.75 4—19— 7— 5—19| Max. 64 57 19 7 ° 
ae 30 tests before releasing the vacuum and changing Needle Gap | Temp. 22 deg. cent. for PR Ba a ae, Pa : 
the magazine drum 3 _ first 20 tests. — BiB A ey Oe | AV tO, 
gazin . The use of the sweeping also gives Beira caveat PUAN) ale abe Et 
a uniiorm time scale for the measurement of the lag. Bar-28.5in. © eSNG er as 
mall y : . . Temp. 22. deg. cent. for. 5— 27— 62— 35— 43 
The results of nine representative tests are given in aon 5— 4—14— 9— 60 


Fig. 9. As this type of oscillogram is probably new to 
most of the readers of this paper, a brief explanation is 


remaining tests: 


9— 46— 


50— 64— 26 


parable at different lags. 


) given. The different tests are numbered in the order in 
which they were made. In the first test, for instance 
which is at the bottom of the film, (No. 543), the cathode 
spot comes on the film from the left, being swept across 
the film at a uniform rate corresponding to 4.5 micro- 
Seconds per mm. About 190 microseconds later the 
ee fe oe by the operation: of -the rotating 
switch. e cathode beam is deflected upward eos | 

traces a horizontal line, parallel with rage ae eM » ow ie aomONT ee ie uearla nla Na 
until after 140 microseconds the needle gap under Asai Reey ee Pes, | 


test breaks down and the cathode spot falls to zero and Four needle-gap breakdowns are given in film 558 


A eg 8 riven fo ow Menaiia Se eee ate Gls hie Ghnpawuve way the maximum lag was divided into four equal times the 
bercentage of lags occurring in each of these ranges being given. . | 
obtain lags of one microsecond or less was found to 
decrease with increased spacing. _ | 
With spacings of 10, 40 and 65 millimeters the per 
cent overvoltages are 75, 40 and 29 respectively. It is, 
of course, to be expected that the greater the per cent of 
over voltage the shorter the time lag. Theresultsshow 
that this is true, in general, although wide variations 
in time lag occur with every setting and at all voltages. 


“three different voltages and with different needle-gap 
'Spacings are given in Tables I to III. Tests were also 
“Made with a needle to a plane and between needles 
having different degrees of sharpness. A photomicro- 
8raph is given in Fig. 10 showing the different needle 
Points magnified to 30 diameters. This picture shows 
the condition of the needles after each had been given 
_ thirty discharges. 
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McEACHRON AND WADE. 4 Transactions A.IL.E.b,  & STUDY OF TIME LAG OF THE NEEDLE GAP 2 
TEST DATA 1 a - TEST DATA 
TABLE IA . q | TABLE II __ f 
LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 
VOLTAGE 22,000. : VOLTAGE 58,000 me 
| *Needle to plane—Needle Negative / aes aT Es : Per cent, Sparking 
i a Sans Teeny “~ . = a See x . 5 ——— |, | | 
Time Per cent Sparking a Calibration i : MES | an cae an ath 
_ Spacing i Calibration |. Max. Lo LG | ee |r pacing Atmospheric — microsecond © ' Time Lags is nanT. sata riaeesk Wa range range 
and Atmospheric microsec. Time Lags in ’ min. Ist 2nd 3rd 4th — and Conditions per m. m. Microseconds Av. ne ; acpat 
Gap Conditions ‘per m. m. Microseconds An: range range | range range  .. Gap . | 1 aoe 21 17 10 
eee eee it Sh SU Tie A Se | es ee eee ea eee ; ee nen Water as 22-14 251251182 | Max.296 | » 52 | 
| s : : a 1 f 1 4 . = 
12 m. m. ‘Rel. humidity 55 per cent 4.5 110— 9— 4—155— 9 Max. 155 41 7 41 11 i a) m. Mm. a o dity 48 per cent 33—215—212—296— 22 Min. 
Bar. 29.3 in. | 4—100— 9— 9— 9 Min. 4 ; — Needle ae Bee Gn " 22— 48— 31—140— 28 Av. 
Gap Temp. 20 deg. cent. for | 4— 9—140— 14— 9 Av. 62 . . a: Te 21 deg. cent. 48— 25—112— 28134 | 
‘tTNew Ist 25 tests. . ay, ‘Put in new needle 36— 42— 45— 34 — Ke | a 
Needles Rel. humidity 26 percent |. 100—110—104— 86— 91 * $7——210—196—. 87 ; ~ ie 
Bar. 28.6 in. | 86—104—110—100—114 4 
: 4 44 
Temp. 20 deg. cent. for Put in new needle ; 7 Relative 4.5 ' | 13— 18— 68— 59— 9 Max. ie 48 * 
last 5 tests. : 32— 41—109— 66—133 | | — Cl 50 m. m. ‘dity 35 per cent " .  |186— 91— 68— 9— 68 Min. 
Needle Se A 91i—_ 9- 9— 9— Q. AV. 47 
oe r. 28. . 
_TtExtra Rel. humidity 26 per cent... 4.5 126— 64— 32— 9—114 Max. 126 20 10 40 30 Fen. 20 deg. cent. 9 l00——) 68", 0 182 
Sharp | Bar. 28.6 in. 68—104— 86— S2— 32 Min. 32 : 5— 77-—. 9— * 9-— 68 
Points Temp. 20 deg. cent. AV. 74 100— 68 
; ; : 7 3 a 
tDulled Rel. humidity 26 per cent 4.5 14— 66—380— 23— 18 Max. 380 80 0 0 20 q 3 Relative 2.8 Oa oe Cea ee Ries on = 
Points Bar. 28.6 in. 380— 9— 9— 36— 9 |» ‘Min: (9 : aa 45 m. m. humidity 15 per cent 6— 6— 6— 6—112 in. . 


Temp. 20 deg. cent. AV. 94 | a : Needle : Bar. 29.1 in. , 6— 42—112— 6— 3 Av. 16.5 
; ; ; Gé 1 deg. cent 3— 3— 3— 3— 3 
*Plane was a disk 2}% in. in diameter. ; . 4 Temp. 2 6 eh Ie EAL rates ee LURERENY co Nate r 
tSee Fig. 10 for degree of sharpness of points. 2 ' : 6289-3 GS 


An examination of the tabulated results discloses the value for the points. Tests made with the point posi-. 
existance of time-lag zones, which indicates that break- tive (Table IB) show that the lag is less than two _ 
down is more likely to occur within these zones than microseconds while with the point negative with the 
outside. The existence of these zones is doubtful in same-spacing and voltage, an average lag of 62 micro- 
some cases, while in others it seems well defined, as for seconds was obtained. When the point was negative 
instance at 75 kv. with a 95-mm. spacing (Table III). with a spacing of 13 mm. sparking occurred with ap- 

In general, the tests show that dull needles give proximately 50 per cent of the voltage applications. 

_ shorter time lags than sharp needles, although more With the point positivea similiar condition was obtained 
tests should be made to be certain of the relationship. withaspacing of 19mm. These results give some con- 
_ Comparing the point-plane tests (Point negative, ception of the effect of polarity on the lag of a point- 
Table IA) with the needle points having the same spac- plane gap. : 
ing, the data show that the lags are of the same order of Measurements of atmospheric conditions were made 
magnitude although the maximum lag with the point- asamatterofrecord. Although no correlation with the | 
plane is: considerably greater than the corresponding variation in time-lag could be found, these factors 


¥ btedly have a ‘preat effect. To determine the keeping the oscillograph circuits free from oe nenaiee 
of ee of these factors much greater variations are emanating from the main ving ak fs ae 
cc ich aturally. ray oscillograph, as used here, becomes a too 

_— oo oe ites : greatest value in the study of transient phenomena. 

q | CONCLUSIONS The lag tests, with constant voltage on the needle 


. aps, show that the lags vary between wide limits, the 
i An ee 1S ate Lagos oe oe i nid peauine lag increasing with increased gap settings. 
Ul at made oy eae is Ae being limited: by The limits could probably be narrowed considerably by 
sients may be ee ap : ios By its use, wave _ the use of careful control of air and electrode conditions. 
: a. Hees aan pay Hee faving Men eror tle The per cent overvoltage, required to keep the lag to 
form 


oscillations up to 20,000 kilocycles. The authors have two microseconds or less, decreases as the gap spacing 


inci wn to depend on the condition 
: . | f 250 kilocycles increases. The lag is sho y 
hich ewe the Bonin ra eae of 100,000 of the needle, the dull needle tending to have the shorter 
V A! b 9 : ie 


i ; : . lags. : 2 
kilocycles. As the frequency increases, the problem of BO Fas 
the Fe cicriatics of the circuit used become increas- The authors are continuing the use of the oscillograph, 


ard = ingly important and great difficulty is experienced in intending to apply it to the pa of boar 
LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 4 : : ? | (Continued on p. 
VOLTAGE 22,000 TEST DATA | | 
TABLE III 


Per cent Sparking LAGS GIVEN IN SAME ORDER AS TESTS WERE MADE 


a Needle to Plane—Needle Positive 
| Time ; 


Spacing . Calibration Max. —_—_— [> ]—__— VOLTAGE 75,000 
and Atmospheric microsecond | —-' Time Lags in Min. Ist 2nd 3rd) 4th > Time Aa Per cent Sparking 
Gap Conditions per m. m. Microseconds Av. range range range range z Spacing Calibration _ Max. Theo aio PE operant oe 4th 
—= ——— | ee | ee ¥ fe 2 + 3r 
Tee = eee Peeks RR TEAR se cs ie : i Time Lags in Min. Ist 2nd 
18 m.m. gap | Humidity 57 per cent 18.5 . |465—465—130—205—335 Max. 700 22 35 28 15 oa Atmospheric grnaas aoe eG hc Ads Ae range range range range 
Bar. 29.3 in. 700— 37—240—410—410 Min. 37. =P ae ee ee: a ea ea 
Temp. 25 deg. cent. 7 150—260—220—700 _ Av. 338 | | cise 8.5 120— 21— 88— 42— 25 | Max. 491 40 0. 14, he f6 
{ Needic _ Ae , 491—406— 34—340—466 | Min. 21 
16 m. m. Gap | Humidity 26 per cent 4.5 61—210—116— 66—188 | Max. 232 11 56 0 33 | ° pomuciey 14 age cent Balai ange aage 400" Iie GAS 360 
New point Bar. 28.6 in. 77— 33— 61—232— 66 Min. 33. - 70 Bar Bar. 29.1 in. | ee, 
Temp. 20 deg. cent. | Av. 111 Wrckine at Temp. 22 deg. cent. 
Extra 7 + 1221116183 982444 Max. 221 45 Lis TD 24g 988 S S setting | | 
Sap 3 Pe ag ND aes ; 80 m. m Relative 5 35— 45—280—240—250 | Max. 335 58 0 28 14 
pone AN ek 3 humidity 14 per cent | 35— 40— 30—235— 30 Min, an 
; , ‘ 30— 35— 35—335 Av. 
Dulled 1 100—200—300—222—338 | Max. 360 0 10 45 45 Bar. 29.1 in. Boers 40— 15—210-—230 
Point | 360—210—188—288 _ Min. 100 | Temp. 22 deg. cent. Ae re cian 
ee: Av. 236 | 35— 35— 40— 35—210 
14 m. m. gap | Humidity 57 per cent no! AB 95— 9— 11— 13— 9 Max. 95 94 0 0 6 / ‘ 
: Bar. 29.3 in. es, 11— 13— 5— 9— 23 Min. 5 . 22 . 4 48 28 2 
Cy lle alt: m. : — 38— 43— 48— 26 Max. 60 
Temp 25 deg. cent. 13— 18— 13— 18— ll Av. 18.1 If 95 point is included ae aie POSE 2.4 Ge Bo 38— 21— 48 Min. .2 
| a umidity 26 pe 
(Av. 12.6 7 43 29 21 Bar. 28.8 in. - | 99 45— 29— 299 29] Av. 35 
ihn | : Temp. 19 deg. cent. 29— 2— 17— 55— 60 
} | eet ger q eae les 31— 53— 41— 31— 31 
: 95 point) ES a Ce 
Pa Pore ee ness Ske a aE eee Oa rei i oid Sep } 
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Measurement of Transients by the 
_ Lichtenberg Figures 


BY K. B. McCEACHRON: 


Member, A. I. E. E. 


Synopsis.—The paper gives the results of a comprehensive study 
of the effect of transients on the size and appearance of Lichtenberg 
jigures. Sixteen different rates of voltage rise were used, varying 
from about 20 minutes to 0.1 microsecond to reach a crest value of 
25 kv. Results were obtained with transients the crest voltages 
of which ranged from-& to 25 kv. The steeper wave fronts were 
checked with the Dufour cathode-ray oscillograph. 

Calibration curves are given, showing that the positive jigures 


| NTIL the cathode-ray oscillograph was applied 


to the measurement of transient phenomena, 
engineers were unable to determine accurately 
_by experiment the form of a transient voltage or current, 
_ the wave front of which occupied only a few millionths 
of a second of time. Such transients may occur on 
transmission or distribution circuits during periods of 
disturbance,—as, for instance, during a lightning 
storm,—and may cause considerable damage to unpro- 
tected apparatus. - | een 
Although the cathode-ray oscillograph can be ar- 
ranged to show the volt-time, ampere-time or volt- 
ampere relations, yet there is need of a device which may 
be used to record these disturbances with fair accuracy 
at the same time involving a small amount of equipment 
so that a large number of them can be spread over the 
systems of the country at a comparatively small cost. 


. LICHTENBERG FIGURES 

If a sheet of insulating material, such as hard rubber 
or glass, is placed on a metal sheet and an electrode of 
any shape is allowed to rest on the upper surface of the 
insulating material, a Lichtenberg figure will be formed 
by the application of voltage between the electrode and 
the metal sheet. The figure may be made visible by 
the use of chalk dust which may be applied to the in- 
sulating surface before or soon after the application of 
_ voltage. A permanent photographic record of the 
figures can be made by placing a photographic film 
between the electrode and the insulating plate with 

the emulsion side in contact with the electrode. 

‘A large amount of work has been done with these 
figures in the effort to discover their exact meaning 
and the variables which control the figures. Among 


those who have experimented with them may be - 


Mentioned © P. QO. Pederson', Toepler?, Przibram?, 
and others’, all of whom have made notable contribu- 


*Lightning Arrester Engineering Department, General Electric 
Company, Pittsfield, Mass. aN aes | 

1For all references see bibliography. 7 

Presented at the Regional M eeting of District No. 1 of the 
A. I. E. E., Niagara Falls, N. Y., May 26-28,1926. - 

Also presented at the Pacific Coast Convention of the A. I. EL. E., 
Salt Lake City, Utah, Sept. 6-9, 1926. | 


are not much affected by changes in wave front, while the negative 


figures vary considerably with changes in wave front, especially 
at the lower voltages. 

_ The positive figures are divided into three types according io 
their appearance which is found to depend on the rate of voltage 


rise. Its concluded that for most conditions the size of the positive 


figures will give a determination of the crest voltage of the applied 
transient to within approximately 25 per cent. : 


tion to the solution of the problem of the proper under- 
standing of the Lichtenberg figures. Peters’ applied 


the Lichtenberg figures to the study of transmission ‘ 


line transients, and suggested means for making 
connections to the transmission line to determine 
supplementary information about the transient. In 
order that the surges might be recorded with respect 
to time, Peters made use of a moving electrode, the 
complete instrument being termed the klydonograph. 
* Cox and Legg* later described some of the results 


obtained on transmission systems by using therevolving 


electrode type and described an improved klydonograph 
which made use of a roll film. As a result of tests 


with the klydonograph, Cox and Legg concluded that 
the relation between the size of figure and crest value I 


of the transient was not appreciably influenced by the 
wave front between the limits represented by a 25- 
cycle wave and a wave whose crest is reached in 5 
microseconds. — aie | 

All investigators have found that the positive and 


negative figures were different in appearance and that 


when the electrode was positive a larger figure was 
formed than when the electrode was negative. At 
times the figures are complicated by tree-like growths 


‘which have been ascribed by some to over-loading the - 


film, but this does not always seem to be the ease as 
they are sometimes found at lower crest voltage than 
that which at other times does not produce them. 


In the practical interpretation of the figures, it seems _ 


to be necessary to neglect these effects until their 
meaning is known. " | . 


EFFECT OF WAVE FRONT 


The author is not aware of any systematic work that 
has been done having for its object the calibration of 
the figures with respect to the form of the voltage 
transient. Up to the present time, the figure has been 
regarded as not being much affected by rate of voltage 
application and therefore the present investigation was 
undertaken to determine, if possible, the relation be- 


tween the size of the figure and the rate of. voltage 


application, as well as the crest value. 
A transient, such as that shown in Fig. 1, consists of 
three major parts; the front, and the ‘part we may call 
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; or want of a better name, and the tail. In 
wave of this kind, presumably each of these 
play a role in the production of the Lichten- 
Pro figure. The investigation to be described in this 
ad is concerned altogether with the front of the 
ad as the rate of voltage rise and the crest value of 
5 a appear to be the dominant factors in determin- 
=. the characteristics and the size of the figures. | 
“a make the work as complete as possible, tests have 
peen carried out covering a wide range of wave fronts, 
the slowest being slower probably than any ever ob- 
tained in practise, while the fastest are probably as 
fast as any that ever occur im service, being but a few 
undred feet in length. Sixteen different wave fronts 
Pt five different voltages were used and, except at: the 
‘yery slowest, oscillograms were taken of each voltage 
application. Every care was taken with the shorter 
waves to eliminate the effect of reflection and to keep the 
oscillation on the wave front to a minimum. ‘This has 
_peen possible only through the use of the Dufour 
q eathode-ray oscillograph’ the voltage dividing system — 
of which was connected directly across the electrodes 
producing the Lichtenberg figures, using leads only 
_ two or three feet in length. ! 
- Jt would have been desirable perhaps to have used 


—S LS : 
Traveling Wave * 


Fig. 1 


the simple 


: 


j a wave throughout having an initial value of de/dt 
kept constant up to the crest value of voltage; yet, with 
_ the steepest: wave this limitation would have complicat- 
ed the test seriously without adding. much to the 
_ practical value thereof. , 3 


VOLTAGE AND TIME CALIBRATION 


_ determining the crest value of voltage of the transient. 
_ With the slower waves the crest potential of which was 
reached in times longer than 10 seconds, it was possible 
to check the sphere-gap against a static voltmeter and 
_ also against meters located in some of the low tension 
- circuits. The time for the slow waves was conveniently 
determined with a stop watch. * | 
Within its range, the electromagnetic oscillograph 
record gave the time calibration of the transient, the 
time being based on a 60-cycle wave recorded on the 


electromagnetic oscillograph were recorded with the 
Dufour cathode-ray oscillograph with time scale 
calibrated by the useof a wave meter. With the type 
of circuit used, the wave front could be calculated quite 
accurately and, except for the oscillations which in 
most cases were. successfully removed, the oscillograms 
checked the calculations within the experimental error 


fully was assumed to be correct. 


The sphere-gap was used as the primary means of 


Same film. The transients above the range of the 
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in practically every case except for the steepest waves 
where stray capacities become of importance. 


In all 
such cases, the oscillogram after being checked care-— 
Circuit ARRANGEMENTS 


_ The slowest waves were obtained with the circuit 
given in Fig. 2 in which the condenser C was charged. 


slowly by the use of a motor driven regulator connected 


in the primary of the charging transformer. The 


* 60 Cycle Supply 


Fig. 2—Connection D1aGraM For Stow Waves Usine Motor- 
Driven REGULATOR 
Time to reach crest 20 min..55 sec. 


reduction gears were such that, for the longest wave 


front, 22 minutes were required to reach a crest value 


of 25 kv. The limit of this method was about a 12- 


~ second front. : | 


Other circuits used were similar to that shown in 
Fig. 3, in that a capacity C, was allowed to discharge in 
another capacity C, By varying the amount of 
capacity employed, together with appropriate values 
for series resistance connected between the condensers, 
the desired changes in wave front were obtained. 
A sphere-gap was used in series between the two 

- condensers for the steeper waves, while with the slower 

waves, using this type of circuit, a kenotron was con- 
nected between the two condensers and the transient 
initiated by heating the filament at the proper time. 

Considerable difficulty .was experienced with the 
steepest waves in decreasing the amount. of oscillation 
on the wave front. The rate of voltage rise was ex- 


60 Cycle Supply 


+ Dufour Oscillograph 
Fig. 3—Connection DracrAm FOR VOLTAGE TRANSIENTS, 
Time to reach crest 1.0 sec.—0.1.microsecond 


tremely rapid, being 100 kv. per microsecond. The 
final circuit used was physically quite small with all 
connections made with conductors having a high 
uniform resistance to aid in damping out the oscilla- 
tions. Such a wave front is shown in Fig. 13. | 


RESULTS—EFFECT OF CHANGES IN WAVE FRONT 
The Lichtenberg figures were taken, using a piece of | 
plate glass 20.8 em. X 25.4 cm., 3.8 mm. thick, with a 
cylindrical brass electrode 1 cm. in diameter in contact 
with the photographic film. The films, which were Kast- 
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‘man’s super speed portal ales were placed on the 


glass plate with the emulsion side in contact with the 
electrode. On the reverse side of the glass plate and 
opposite the electrode was a lead foil so connected that 
the electrode and foil were of opposite polarity. The 
parts were arranged in a light-tight box’ with the 
electrode projecting, to which connections were con- 
veniently made, as shown in Fig. 4. 

The results are plowed} in terms of the radius of the 


Electrode 


: : Film ~ 
DCW TEEN 


Foil - 


Fia. 4 ARRANGEMENT oF Parts or LicHTENBERG CAMERA 


figure plotted against slope of the wave ‘front 4 in volts : 


per microsecond for five voltages, 5.5 kv., 9 kv. BS 7 
_kv., 17 kv., and 25 kv. (All voltages are crest values. ) 
The curves for the positive figures are given in Fig. 5 
and for the negative figures in Fig. 6. 

Notwithstanding the precautions taken to control 
all of the known variables, the plotted points show 
considerable variation which is most marked with the 
shorter waves andat 17 kv. and 25 kv. Forall voltages, 
the positive figures increase in size as the wave be- 
comes steeper, until a rate of rise of between one kv. per 


mr a Glass re 
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— 
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102-:).4001 ONL" 1.0 10 100 10° 10081074. 10° 
VOLTS PER MICROSECOND 
0.25 SEC. 250 MICROSECONDS 0.25 MICROSECONDS 
TIME TO REACH 25 KV. 
Fig. 5—VARIATION oF PosiTIve LICHTENBERG FIGuRES FoR 


PL EHEND CREST in) OUTAGES AND RaTES oF VouTaGE Risp. 


4 MIN. 


microsecond and 10 kv. per microsecond is reached. 
With wave fronts. steeper than this, which corresponds 
to about a 60-cycle front, the lower voltage figures re- 
main constant in size while the 17-kv. and 25-kv. 
figures decrease somewhat at the steepest points. — Fig. 
© has been divided into three zones which are deter- 
mined from the appearance of the positive figures and 
will be discussed in connection with the piterent types 
of figures. 

The negative figures were less satistietire at the slow 
rates of voltage rise than were the positive figures, it 
sometimes being difficult to separate what appeared to 
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and steepest front. a 
and fastest waves for the negative figures is much 


be corona from the Lichtenberg figure. The results do 
indicate a rather abrupt increase in the size of the 
negative figure between 0.001 volts per microsecond 


and 0.01 volts per microsecond. As the voltage rises. a 


faster and faster, the negative figure increases in size, 


the greatest percentage change occurring with the _ 


lower voltages. For instance, the figure at 5.5 kv, 
increases from about 0.2 mm. to 13. mm. when the 
front changes from 0.01 volts per microsecond to 
100,000 volts per microsecond. At 9 kv. the radius 


changes from 0.5 mm. to 2.4 mm. when the wave front _ 


changes through a similar range. The radius at 25 kv. 


4167 Microsecond 


e Rise (€C Cycle) ». 


RADIUS IN MM. 


0 
10° aa a3 0.01 OFF 10 10 100 i 104 


~ VOLTS PER MICROSECOND ~ 


ee 

Fig. Gy IN Size OF NEGATIVE » foc _ 

Figures FoR DIrrerent CREST VOLTAGES AND RatTEs OF 
VOLTAGE ce 


shows a adden increase for fronts steeper chan 10, 000 
- kv. per microsecond. 

Using the curves in Figs. 5 and 6 as representing the 
average values from the data, calibration curves have 
been drawn as given in Fig..7. These curves show 
that the average positive figures are not appreciably 
affected by wave front except for the highest voltage 

The variation between the slowest 


pital raha VOLTS PER 


Ar ROSECOND 
"108 1031 


VOLTS PER 
MICROSECOND 


ig /4Vi Cele a 
HR 


CREST KILOVOLTS 


eae OF POSITIVE iN NEGATIVE Gare MM. 


Rigs 7 


greater than for the positive and should be considered 
when determining the voltage from a negative figure. 
At 17 kv., an increase of nearly 50 per cent takes place 
when the wave front changes from that corresponding | 
to a 60-cycle wave to one which rises to 17 kv. in 0.1 
microsecond, while, for lower values of crest voltage, 
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foy 192° 

on is much greater. Some idea of the wave 

pe determined by the comparative sizes of 
itive and negative, but there is sufficient 

mong pictures at the same wave front to 

Bratton 2° procedure doubtful for everything except 

a ey aporsinat results. 

: APPEARANCE OF THE FIGURES 


o divide the positive figures according 
o three definite type forms with respect 


a variati 
on t may 


It is possible t 
| @ appearance int 


Fra. 8—LICHTENBERG FIGURES Puopoens BY A VERY SLOW 
Rise in Vourace (Type I—Positive Fiaurss) 

A, PL—20519 R : B. P L—20512 R 

4 17 kv. in 840 sec. 25 kv. in 85 sec. | 


to Bote of voltage rise on the electrode. These three 
types are shown in Figs. 8, 9, and 10, type I being the 
slowest while type III represents the greatest rates of 
voltage rise. 

Bre I consists of fine straight lines a auntie from 


Hig. 9—Licurensere Figures PRopUCED BY A Fast TRANSIENT 
q (Typ I]—PositivE Ficure) 
P L—20573 L—21.6 kv. in 48 microseconds 


Ere center and perhaps extending only partially round 
© entire electrode. The appearance is much like 
that of fine hair being blown out by some force at the 
eter. As the rate of voltage rise becomes smaller, 


d 
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both the number of hairs and their length decrease 
until, in one case with a 6-second wave at 5.5-kv. crest, 
only five hairs were found, their length varying from 7.5 


mm.to8 mm. However, with a 6-minute front at the 


same crest voltage, the length of the hairs had been 
reduced to 4 mm., while the number of hairs had in- 
creased to perhaps 30 or 40, bunched in two or three 
small tufts. Some representative type I, positive 
figures are shown in Fig. 8. 

The negative figures become smaller and reln 
with decreasing rates of voltage rise until they dis- 
appear altogether or become so indefinite and indis- 


tinct that they cannot be measured. 


In appearance, type II figures are quite different 
from type I, being characterized by crooked lines which 
are likely to have sharp turns or elbows near the ends 
and usually split or branching. Sometimes short 
projections like thorns appear, but these belong more 


Fig. 10—LicuTENBERG Figures Propucep sy Very Fast 
Transipnts. (Type IJJ—Positive Ficurss) 


—20605 R 
A. P L—20607 L Beis Peke 206 
7.3 kv. in 0.1 microseconds. Pro- 17.8 kv. in 0.15 microsecond. 
duced by transient shown in Fig. 12 Produced by transient shown 
in Fig. 13 


to type III than to-type II. Fig. 9 shows a typical 
figure of this type. The so-called slips are quite likely 
to have type II figures at the ends, even though the body 
of the figure is of another type. It should be noticed, 
also, that with type II figures, there is almost no cross- 
ing of lines even though the voltage was sustained for 
an appreciable length of time compared to the wave 
front. ~ 

The figures which have been called type III athibit 
characteristics very different from either type I or type 
II. Type III figures as shown in Fig. 10 are recognized 
by their straight radial lines, having rather broad 
bases with splits and thorns. - In type III figures, 
the lines do not cross and once seen it is not difficult 
to recognize a figure of this type indicate as a rule 
waves of quite steep fronts. 

_ The voltage and frequency at which the three different 
types of figures are found are shown in Fig. 5 where the 
three types of figures are indicated. Some overlapping 
takes place where two types are found in the sante 
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figure. At the 5.5 kv., it is interesting to note that the 
range of wave fronts over which type II figures appear 
is very small, and in fact they are not found-alone at 
this voltage, always being mixed with either type I 
or type III figures. | 

The negative figures undergo considerable change in 
appearance as the wave front becomes steeper, but the 
change is gradual and it is not possible, using the data 
now available to draw definite limits or to divide them 


_ Fie. 11—Dvrovur Oscittocram or TRANSIENT VOLTAGE 


= 1.6 kv. in 48 microseconds. Corresponding to Lichtenberg figure shown 
in Fig. 9. 


into types. In Figs. 9 and 10 representative negative 
figures are given, corresponding to the wave fronts 
Shown in Figs. 11, 12 and 18. The slow negative 
waves as in Fig. 8 show a rather hazy indefinite outline 


Micro seconds : 


Fie. 12—Durour OsciuLoGRAM OF TRANSIENT VOLTAGE 
: RETOUCHED 


ia To 0.1 microsecond. Corresponding to Lichtenberg figure shown 
in Fig. 10. 


with a tendency to concentrate in tufts. These figures 
_ are difficult to measure and look much like photographs 
of corona. oy | 

With steeper waves, as in Fig. 9, radial sectors of 
exposed film appear with more or less definite unexposed 
space between. Superimposed, many short crooked 
lines are frequently found not often extending beyond 
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% 


the exposed radial portion. While this form of nega. 
tive is easier to measure than that obtained with the 
the limit of the figure is not sharply — 


very slow waves 
defined. : 


Very short waves produce a negative as in Fig. jg 
in which the radial sectors are clearly defined and the — 
limit of the figure is quite definite. Not only are the q 
sectors more sharply defined but the width at the cip. 
cumference of the figure is reduced,.the space being | 
occupied by a larger number of sectors. While crooked 
lines superimposed on the figure appear frequently, 4 


With — 


they are often less prominent than those seen 
slower waves as in Fig. 9. 


OSCILLOGRAMS © 


Three oscillograms are shown in Figs. 11, 12, and 13 
to indicate the form of waves actually applied to the © 
photographic film when taking the Lichtenberg figures, | 


PLIZZ2Zi 


Fig. 13—Durour OscituoGramM or TRANSIENT VOLTAGE 


17.8 in 0.15 microseconds. 
in Fig. 10. 


These oscillograms were taken with the Dufour cathode- 
ray oscillograph and show some of the wave fronts 
used in making the Lichtenberg figures shown in Figs. 
8, 9, and 10. In Fig. 11 is shown an oscillogram of 
the wave taken at the same time as film PL-20573L 
shown in Fig. 9. This film shows that the voltage 
rose to its maximum (21.6 kv.) in 48 microseconds the 


average rate of voltage rise being 450 volts per micro- q 


second while the maximum rate is 1800 volts per mi- 
crosecond. The film shows that the final voltage was 
attamed without oscillation and that the voltage 


dropped very slowly compared to the front after 


reaching its crest. All of the waves used in this in- 
vestigation, as a rule, had long tails as compared with 
the front, so as to be sure that the tail did not disturb’ 
the results. 


As the time to rise to maximum voltage was reduced, 


the difficulty of getting a smooth wave increased, but 
that a fair degree of success was finally attained is 


seen in Fig. 12. This film shows that a voltage of 


(633 kv. was reached in 0.1 microsecond which is.equiva- 
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Corresponding to Lichtenberg figure shown __ 


Ti 


i y 1926 ! 
| a an average rate of rise of 73,000 volts in one mil- 
: nth of 
Bude does not appear to be sufficient to make them 
matter of importance. 


Another ee 7 , 
a recorded is shown In Fig. 18... Here the average 
SE : 


to of rise of potential is 120,000 volts per microsecond. 
‘a Lichtenberg figure corresponding to this wave 
P. shown in Fig. 10 film PL-20605R. | 
films similar to these were taken for every voltage 
OL lication 
onds any oscillations which were present 


ble and that for the shortest waves such 
did not exceed 20 per cent of the crest 


0 microsec 
scillations 


: Be teresting to note that when working with these 
eures the impression is gained that the presence of 
secillations increases the distinctness and clarity of the 
soures and that this is particularly true of the negative. 
WIE ile this as yet is only an impression, the cleanest 
soyres always were associated with the waves having 
scillations on the wave front. 

q _ CONCLUSIONS 


I 


As a result of this investigation, it can be definitely 
negative Lichtenberg figures are dependent on the wave 
front as well as on the crest voltage. ‘ 3 
Throughout the range of wave fronts probably found 
Nn service, the size of the positive figure is not much 
shanged by a change in wavefront only, except at 
voltages close to the upper limit of potential where a 
lecrease in the size of figure is indicated with very 
abrupt fronts. ; | 

The positive figures may be divided into three type 
forms which are partly determined by wave front and 
2) tly by the value of the crest voltage. It is possible 
appearance of the positive figure. | : 
The size and appearance of the negative figures are 
eonsiderably affected by changes in wave front, the 
steepest waves always giving the largest figures. The 


S greatest for the lower voltages. The change seems 
© be great enough so that it cannot be neglected. The 
legative figures change in appearance with increasing 


definite that it is only possible to state that a particular 
legative figure probably represents a fast wave or a 
Slow wave. . , | : 


pt figures with identical wave front from the average, 
although the usual variation is probably not greater 
fan 25 per cent. Occasionally, one will be found where 
‘ € figure is 50 per cent or more, larger or smaller than 
a © average for that particular wave. ‘There seems 


Fa 


a second (Lichtenberg figure PL-20607L, 
While some oscillations are present, their . 


film in which a still greater rate of voltage 


when making Lichtenberg figures and it 
an be stated that for waves having a longer front than © 


"15, 1921). 


stated that the size and appearance of both positive and . 


(0 gain some idea of the steepness of the front from the 


percentage change with a constant crest voltage applied | 
steepness of wave front, but the changes are so in- 


_No value is given for the possible variation in radius | 
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to be some tendency for the greatest variations to 
occur with the steepest wave fronts. _ 

The curves which have been given apply to apparatus 
of certain characteristics-and should not be applied to 
figures taken with a different dielectric than used here 
or for other different conditions. It seems likely, 
however, that similar results will be found with other 
apparatus constants although the values would be 
different. Cue ) ; 

Additional work is being done with the cathode-ray 
oscillograph in an effort to determine how the Lichten- 
berg figures grow and the reasons for the various 
characteristics which they exhibit. 

The author wishes to express his appreciation of the 
work of E. M. Duvoisin and T. Brownlee, who have 
supplied all the figures and most of the oscillograms, 
and to E. J. Wade for his valuable assistance, particu- 
larly in arranging the circuits so as to avoid oscillation. 
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stress developed in it in no case exceeded 7500 Ib. 
developed, and gave ample clearance under all conditions 
between it and the two upper conductors. In the case 
of extra long spans where the possibility of vibration was 
feared, no attempt was made to utilize the smaller 


Fig. 19—M 
ETHOD OF ATTACHING Grounp WIRE IN Sus- 
PENSION TOWERS 
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Ny on We Ze 
EA | A hax 
— eee ae x CDi = 
NaN 2°39 rp Seen eT — EES i — to NO Oe 
c phy SOA tA Set) iS Nae al 
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H 
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Enp ToweErs 


conductor but a conductor similar to the main 
ductor was employed for ground wire purposes. 

More attention than is usual was given to the hard- 
ware and to the method of attachment of the ground 
wire and details of this for a suspension and dead-end 
tower are given in Figs. 19 and 20, respectively. 


VII. APPLICATION OF EXPERIENCE TO TOWER LINE 
DESIGN | 


The authors believe chat theoretical analysis and 

| their experience In operation applied to tower-line 
_ design with a view particularly of designing the lines 
for continuous service can be summed up as follows: 
1. It is essential that a balance be maintained 
between the height of tower, the length of span and the 
lightning voltage that may be expected in the conductor 
span. As a general rule the cost of the line can be de- 
_ creased by increasing the length of span, but carried 
beyond a certain point the continuity of service to be 
expected from the line is bound to be decreased mate- 
rially in the raising of the height. of the conductors. 
The standard suspension insulator has been developed 
to such a point at the present time that the increased 
number of points of attachment on the line wiil have 
materially less effect on lowering the continuity of 


con- 
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service than will the raising of the height of the | 


conductor. 


2. A proper balance should be maintained between 
the in. | 
: on ' 
system and the clearance to ground. To: insula j 
a great j 
(except 
ypes of lines 0 220 key, 
In overinsulating the lines at the i 
expense of the rest of the equipment and will result _ 


the number of insulators employed per string, 
sulating values employed on other apparatus 


line sufficiently high to prevent flashover in 
majority of cases, will result as a general rule 
perhaps In certain types of lines operating at 
or higher voltages) : 


in failures at station and substation points. 


3. Unless the line is very low, it is believed th q 
steel-tower structures carrying power conductors ; | 
44,000 volts and over should in general be designed _ j 
It is fully realize | 
there may be locations and eaciGens inden : 
this is not practicable; for example, in territory where 
the soil conditions are such that the ground ost : 
1s very high, and where consequently the effectivendl 
an almost — 
é There — 
may also be cases in territory that is particularly light- 


installed with a ground wire. 


of the ground conductor is minimized to 
negligible value; but these are special cases. 


ning free where no ground wire would be justified 
In no case, the authors believe, should the use of 
a ground wire be dismissed without giving full consid- 


eration to the known lightning conditions of the terri- : 


tory over which the line has to traverse, to the height 
of the tower, to the insulation proposed for the tower 
and to their relations to the lightning voltages that 
might be expected on the power conductors. ; : 


4. Ifa ground wire is installed it should be accepted 


as an essential part of the line and its installation 


treated the same as that of the main conductors, full 
attention being given to the material of the conductor 
itself and to its method of attachment and stringing. 


There is no reason. why the main power conductor _ 


hes be la for a possible 50 years of life and the 
ground conductor designed f 5 
Ee eae g or a life equal to 10 per 

5. It is possible that a line will have to ‘be built 
of so great a height because of the contour of the 
country or for some other reason, that even with the 
use of a ground wire, sufficient protection will not:be. 
obtained to keep the number of flashovers down to a 
low enough point. In these cases, the authors believe 
1t would be well to install remedial devices in the form 
of arcing rings and horns or their equivalents to prevent 
conductor burning and insulator shattering in case of 
a flashover. | 

6. The line must be designed so that its switching 
arrangement is correct; that is, the line must be so de- 


signed that it can be relayed properly and disconnected ~ 
from the rest of the system quickly in case of trouble. 


VIII. Furure Data 


The authors are carrying on an investigation at the 
present time to determine the most economical] type of 


| er for 132-kv. for various types of country, keeping 
lowe mind the principles that they have laid down 
fu ly Pad ‘t is hoped to have some of these towers 
ab - within the next year. At the present time 
erec operating on systems of subsidiaries of the 


th are é ; ; 
oni can Gas and Electric Co. approximately 695 m1. 
” 132-kv. steel-tower transmission line (988-circuit 
this amount will be 902 mi. 


Ne ee cee tiie Sau 
1169-circuit mi.). All of these lines will be equipped 
with ground wires and some of them in addition with 
the protective features In the form of rings and horns.- 
An attempt will be made to gather full and complete 
information on the behavior of these lines within the 
next two years during lightning periods and it is hoped 


at that time to be able to summarize further experiences 


pefore the Institute. | | 
- Acknowledgment is hereby made to Mr. F. W. Peek, 
Jr., and Mr. W. L. Lloyd, Jr., of the General Electric 
Company, and to Mr. A. 0. Austin of the Ohio Brass 
Company for their assistance in carrying out some of 
the investigations, and to Mr. Frank Howard, of the 
Jhio Power Company, for his assistance in carrying 
through some of the developments, and in obtaining 
the field data. | | 
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The Measurement of S 


on Transmission Lines D 
BY EVERETT §. LEE* and 


Associate, A. 1. B. E. 


Synopsis.—This paper, after rejerring to the work of previous 


investigators in the application of the photographic Lichtenberg 


jigures to the measurement of surge voltages, describes results of 
additional work in this field by the authors. 


Laboratory calibrations of photographic Lichte 
using the cathode ray oscillograph and the lighin 


are shown. Data are presented relative to the accur 


acy obtainable 
with these figures as a 


“means of measuring surge voltages, 


urge Voltages 


ue to Lightning 
_C. M. FOUST* | 


Associate, A. 


An extension of instrument 
cording elements are used to giv 
Means for connecting a su 
transmission line by an insula 
nberg figures, and calibration of the instry 
ing generator, to 1400 kv. 


Specimen field records of s 
* 


a i pa a ae. 


INTRODUCTION 


photographic Lichtenberg figures as a means of 


measuring voltages of short time duration in the 
‘order of microseco 
transmission lines 


confidence in these figures which is gratifying both to the 


engineer who is called upon to make such measurements 
and to the engineer who uses the results in design and 
application. It wasin 1777 that Dr. G. C, Lichtenberg! 


Line. 


Film. 
Homogenous __,_ 7 
natn Wy 
ateria 


~ Ground = 


Fiq. 1—ARRANGEMENT oF ELEMENTS FoR PropuciIng PxHoTo- 


GRAPHIC LICHTENBERG FiaureEs 


Directly connected recorder 


first described the figures in sulphur dust caused by 
the presence of a charged electrode. In 1888, Trou- 
velet? and Brown? showed that the same figures would 
be produced on a Photographic plate. Several in- 
vestigators!: 5:6 have since devoted much time to 
studying the nature of these figures, although at the 
Present time their exact mechanism is still an 
uncertainty. : | 

But it remained for Mr. J. F. Peters? in 1924 to sug- 


gest the application of these figures to the measurement. ~ 
of surge voltages and to d 


WavE SHAPE 


Co., Schenectady, New York. + 


1. For references, see Bibliography. mining with 


Presented at the Winter Convention of the A. I, E. E,, Voltage. 
New York, N. Y., Feb. 7-11, 1927, : 
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A positive surge produces 
a positive figure 


Fie. 2—Suowine AppraraNce fo) 
PHOTOGRAPHIC LicHTENBERG Figur 
AND NeEq@ative Surge VOLTAGES 


urge 


I. E. EK. 


design is described in whic 
€ greater certainty of result. 
rgé voltage recorder instru 
tor-string potentiometer are 
ment with potentiometer 4s. 


* 


, | | | | | based on this application which he called the klydondl 
Y \HE results of continued recent study and use of the graph. In June, 1925, Messrs. | : 
before the A. I. E. E. the re 


this instrument and described extended dev 
nds, particularly surge voltages on in the instrument design, 


due to lightning, are creating a K. B. McHachron? 


A negative surge produces 
a negative figure . 


Directly Connected recorder 


evelop a suitable instrument ae ane of a ree eae study 
; 7 ioe | of the photo . 
Both of General Engineering Laboratory, General Electric four Uihede te libete ai 
. i a 3 certainty the wave shape 
Thus the discovery made j 
recently been applied to advantage. 


h two » 

Ment to a 
describe i 
Given 


voliages up to 2000 kv. are. ; 
Koo aes bee: i Shown, 


sults of field tests with 
elopmentg j 
In September, 1926, Mr, 
Presented before the A. I, Ri. R 


F Positive anp NEGATIVE q 
ES Propucep sy Positive 
OF Same Magnirups AND 


of the calibration | 
res ‘using the Du- 
means for deter- 
of the impressed 
50 years ago has 


j ; , described, this paper contrib- 
je work esate, describes an extension 
d ditional Ba n, and shows that the art has ad- 
prument De Shore surge voltages on transmission 
ad to 2 a of 2,000,000 volts may be recorded - 
Be conable degree of accuracy. ie. 
. GENERAL — 
the klydonograph or surge voltage 
f an electrode bearing upon the emul- 


i 


der consists 0 


: 
D, 
(ul : 


| pepe eee 
pass mn 
aT 


— 
CIS xK= 


KILOVOLTS IMPRESSED (MAXIMUM VALUES) 


2. eg el 
Limits of 1-2-3] _| 
(PEE eaves Estreme its ot 28 | 
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Pais OF POSITIVE FIGURES IN MILLIMETERS 
a 3 CAaLIBRATION CURVES FOR SURGE VOLTAGE RECORDER 


sulati i /g in. thick 
Insulation, varnished paper 1, ; 
Plectrode, brass, 1/8 in. diameter, rounded spherically 
Pilm, Eastman No. 152 


he smooth surface of a piece of homogeneous insulating 

aterial, as shown in Fig. 1. If the electrode is con- 

acted to the line side of a circuit, and the insulation 

onnected to the ground side through a metal plate, 

nd a positive surge voltage of, say, 20 kv. maximum 

S impressed from line to ground, a positive eee 

hown in Fig. 2 will be found on the photographic 

Im after development. If, with the same connections, 
4 negative surge voltage of, say, 20 kv. maximum is 

pressed from line to ground, a negative figure, as 

hown in Fig. 2, will be found on the photographic 

ilm after development 

It has been found that figures will be produced even 
though the time duration of the impressed voltage is 
only a fraction of a microsecond, also that the size 
(radius) of the ficure is a function of the magnitude of 
the maximum value of the impressed voltage, while the 
Shape and configuration of the figure is a function of the 
Wave shape of the impressed voltage. The problem 
Of the instrument ‘engineer therefore becomes one of 


deciphering the figures into terms of voltage and wave 
Shape, . 


PA 
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c i side of a photographic film or plate which rests on 


Transactions A. ie ei ie 


MAGNITUDE OF VOLTAGE ) 


The calibration of Lichtenberg figures for a given ae 
strument to determine magnitude of voltage is obtaine 
by impressing voltages of different values and shoes a 
the size of the resulting figure. This can be done for 
as wide a range of wave shapes as are available. 

Table I and Fig. 3 of this paper give results of the 
authors’ calibrations obtained on a film-type instrument | 
with varnished paper insulation and a brass electrode 

1% in. in diameter rounded spherically. The wave 


shapes varied from one-half cycle of a sine wave at 


60 cycles (wave shape No. 1) to surge voltages rising to 
their maximum value in two microseconds (wave 
shape No. 2) and in four microseconds (wave shape 
No. 8). The surge. voltages were impressed from 
sections of a 500-kv. rectifying type lightning generator 
(Fig. 4), the circuit for wave shape No. 2 being as ee 
in Fig. 5 and for wave shape No. 3, as Shown in Fig. 6. 
The wave shapes were determined by Dufour cathode 
ray oscillograph Figs. 7 and 8. Wave shape N ee Z 
is shown in Fig. 9. Wave shape No. 8 is shown in Fig. 
10. | : | : 

When calibrating the surge voltage recorder or when 
photographing the wave shapes with the cathode ray 


Fig. 4¢-500-Kv. Rectirying Tyrer LigHtNING GENERATOR 
sep AS SourcE FOR SURGE VOLTAGES IN StupyING PHOTO- 
GRAPHIC LICHTENBERG FIGURES 


The cathode ray oscillograph used with this generator is located in the 
sheet-iron house at the left of the photograph 


oscillograph, these instruments were connected alee 
ground and the various voltage taps as shown in Figs. 
and 6. The magnitude of the voltage was measured 
by sphere spark gap similarly connected. 

Fig. 11 shows a set of positive and negative figures for 


5, 10, 15, and 20 kv. taken with wave shape No.2. It. 


is from such figures as these that the calibration curves 
are obtained. The radius of a positive figure is mea- 
sured from the figure center to the most distant streamer 


tip. 
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TABLE I 
CALIBRATION OF POSITIVE PHOTOGRAPHIC LICHTENBERG 
FIGURES 
60-Cycle Wave Shape—Wave Shape No. 1 
Positive Average Maximum 
Ky. figures _ deviation deviation 
impressed Number average from mean. from mean. 
(max. of radius Per cent plus | Per cent plus 
values) figures mm. and minus and minus 
5 35 10.3 8 45 
10 34 19.0 5 16 
15 36 24.3 5 15 
20 36 30.2 8: 37 
Hs 31 35.6 53 12 disregard- 
ing slips 
125 regarding 
slips 
Two-Microsecond Wave Front—Wave Shape No. 2 
4 29 - 10.6 9 25 
7.2 39 11.9 22 60 
- 10 36 16.3 10 eS 
16.6 36 22.8 10 ; 26 
23.2 36 30.4 5:5 19 
27.6 37 40.3 14 26 
Four-Microsecond Wave Front—Wave Shape No. 3 
Se MME lel LI SN Ho ee Be 
5.95 | 36 11.8 12 41 
10.75 35 18.3 6.5 20 
16.7 36 253 5.3 15 
25.6 36 | 36.4 642 24 
Average Deviation For All of Above Wave Shapes 
Average Maximum 
: deviation deviation 
Kv. Number from the mean. from the mean. 
impressed of Per cent plus Per cent plus 
(max. values) figures and minus and minus 
5 100 13% 32 
10 105 8.5 31 
15 108 C22 28 
25 104 10.2 33 
i aR ean a wr arch cera acerca ] 
Lightning Generator. 
] | 
| 4 
ole pears) | 
| 
| , | 
| _ | 
| : | 
| | : | 
| | 
| Capacitors Capacitors | 
las Hes BEES BERR ay Aa nes Ld apa au 
= Discharge Circuit Feittes 
+20Kv, = Wave Shape No.2 SF ~20Kv. 


+15Kv. +10Kv. +5Kv. 
Ground “=” 
5—ARRANGEMENT FOR Propucing Wave Suare No. 2 
The capacitors of the lightning generator discharge through the induc- 


tance and resistance shown in the external discharge circuit, in which the 


balanced arrangement of circuit constants with respect to the grounded 
‘point eliminates local oscillations . 


<5 Ky. -10Kv. -15Kv. 


Fie. 


Referring to Table I, it is seeri that the average 
deviation from the mean for 100 figures on the three 
wave shapes investigated at the different voltages is 


within + 15 per cent, while the maximum deviation 
from the mean is in the order of + 30 per cent. 
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Fie. 8—Tur Durour Carnopre Ray OscILLOGRAPH, FRONT ~ 


any voltage all figures obtained on 100 measurements 
were within the extreme limits as shown. 
limits are determined by one figure out of one hundred, 4 
and are quite outside of the values which may be 


7 = ne oe F 7 a a = freee 
% a 
Ms ; JH ce E 


/ 


—_—_——— oe ee Ce CL 


Lightning Generator Kilovolts 


415 +20 


_Ground +5 +10 


Capacitors Capacitors 


Ground = 


ee ery ara ee 


Discharge Circuit 
Wave Shape No.3 


Fig. 6—ARRANGEMENT FOR PropucING WavE SHAPE No, 3 


The capacitors of the lightning generator on the left, discharge into the | 
capacitors on the right through the resistor shown in the external discharge _ 


circuit 
Fie. 7—Tur Durour Caruoprs Ray OSCILLOGRAPH, SIDE _ 
VIEW ot 


The timing switch shown at the right of the oscillograph is for low-speed _ 
work. The timing switch used to discharge the lightning generator when ~ 
calibrating the surge voltage recorder is of high-speed type of special — 
design, not shown ae 


a 


VIEW 
These results are shown graphically in Fig. 8. For 


These 
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ected from the average values shown. 
an accuracy of 25 per cent can bereason- 
from any single measurement made 
Where several figures of somewhat 
btained under similar conditions, 


va 


6 Seis Ow? 
TIME IN MICROSECONDS 
Fig. 9. 


’ -OscrnnogRaM or Wave Suarez No. 2 
AB OvE)—CATHODE Ray Os 


aTHODE Ray OscILLoGRAM OF WAVE Suape No. 2 
TRANSCRIBED TO RECTANGULAR COORDINATES 


VOLTAGE 


— ; 
0 2 4 6 8 1 
TIME IN MICROSECONDS 
Fig. 10° 


TRANSCRIBED TO RECTANGULAR COORDINATES 


Ray OscttLoGRAPH oF WAVE SHAPE No. 3 


ATHODE Ray OScILLOGRAM OF WavE SHAPE No. 3— 


Transactions A. I. E. E. 


‘the agreement of these among themselves permits 

a xact interpretation. | 
Sah esees Cox nae Legg, in Fig. 39 of their paper’, 
show a calibration curve for an experimental model of 
a film-type klydonograph. ‘The wave shapes impressed 
varied from 25- and_60-cycle a-c. sine wave, to a 
surge voltage which attained its maximum value iH 
five microseconds, the latter surges being ae: 
from a given network and their shape determined by 


\ 


11—PostrivE AND NEGATIVE LICHTENBERG FicuREs FOR 
i 
. Dirrerent Voutaces. (WAVE SHAPE No. 2 


Fie. 


calculation. The magnitude of the voltage was deter- 
herespark gap. —~ 3 

rene in Fig. 7 of this paper”, shows calibration 
curves for Lichtenberg figures obtained with ae S 
super-speed portrait films, placed on a glass Ri ate, 
and-using a cylindrical brass electrode one cm. in ae 
ter with square edges. The shape of the aon 

voltage was determined by Dufour cathode ray oscillo- 


KILOVOLTS IMPRESSED (MAXIMUM VALUES) 


12—CALIBRATION CuRVES OF SURGE VOLTAGE RECORDERS 
FoR Positive LICHTENBERG FIGURES 


Cox and Legg, Bibliography Item 8, Fig. 39 
McEachron, Bibliography Item 9, Fig. 7 
Authors’ Fig. 3 (average. curve) 


Fia. 


graph and the magnitude by sphere spark-gap. aie 
range of wave shape was from a long wave wherein 

min. were required to reach a maximum value of 25 kv., 
to a short wave where the time to reach | maximum 

0.1 microsecond. 

Mi hnd ert of the calibrations reported by Messrs.’ 
Cox and Legg, and McEachron, are shown combined 
with the authors’ in Fig. 12. These results show 
remarkable agreement for the work of different observ- 
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rancaetions A nen. 


sees different laboratories with different instruments 
circuits, and give added weight and certainty to 


the calibration of the Licht 
e A enbe 
magnitude of voltage. rg figures as regards 


WAVE SHAPE OF IMPRESSED VOLTAGE 


connecting the recorder to the line are shown. If, 
however, the recorder is connected oppositely, that is, 
the electrode to ground and the metal plate to the line, 
as in Fig. 13, the positive surge will record a negative 
figure and the negative surge will record a positive 


size and herein there is room for | ae 7 

HEE. added stu an 
the present time the figures recorded with an At 
wave shapes can be compared OWL 


with figures. reecna 
with known wave shapes as determined by cathonl 


; re less than half the size of the positive figure; 
oy M eEachron has shown? that the negative figures 
j t a greater deviation for differing wave shapes. 
pee r. ajso another serious objection whichis that when 
a pstrument with a moving film is connected to a 


Line 


In studying surge volta 
: ges, the re at gee se 
the magnitude is of importance shih Ol as ee as emission line with normal voltage continuously figure as in Fig. 14. 3 
| pyc ne gps ed, the width of the band produced by the line If an instrument is made up with two recorders, one 
Line. press ’ a : 
-. : connected directly and one connected oppositely, as 
Electrode~ , shown in Fig. 15, then all surges, positive or negative, 
can be measured from the positive figure. In addi- 


‘Homogenous fH tion, oscillatory surges will be more clearly recorded, 


Homogenous 
Insulating 
Material 


Metal va 


Ground = 


Fr 3 
G. 13—ARRANGEMENT OF ELEMENTS FOR Propucine Pxoro- 
GRAPHIC LICHTENBERG FIGURES 
(Oppositely connected recorder) 
+ 
Voltage 
A positive sur 
€ produc i 
: ne a i es A negative surge produces 
4 positive figure 
Fig. 14 — 
ne ae sms APPEARANCE or N EGATIVE AND PositIvE 
ICHTENBE 
a RG Figures Propucep spy Positive 


Negative Surce VoLTacgres or Samp MAGNITUDE AND 
Wave Swarr 


(Oppositely connected recorder) 


duration of the voltage. At the noresent time the 
determination of the wave shape from the Lichtenberg 
figure characteristics is not as definite or as certain as 
the determination of the magnitude from the figure 


[aine CUE. 


VEEL 
Metal : 


Directly | connected 
Recorder — 


Oppositely connected — 
Recorder 


} Ground = 
Fig. 15—ARRANGEMENT OF ELE 
Positive Anp Negative Figur 


tay oscillograph. This allows prediction of the time. 
duration to within a general order, but not with aa 
exactness required. The work by McEachron in this 
regard, as shown in Fig. 5 of his paper’, wherein hell 


Fie. 16—Prorograraic LicHTENBERG Figures OBTAINED 
WwitTH T'wo-REcorDER TypE INSTRUMENT a 
A—Positive surge voltage 20 kv, maximum: : 
B—N egative surge voltage 20 kv. maximum 
C— Oscillatory surge voltage 20 kv. highly damped 
D—Oscillatory surge voltage 20 kv. slightly damped 


designates the figures as Type I, Type II, and Type 
ITI, is to be commended. Further study along these 
lines tending towards greater exactness in the inter- 
pretation of figure characteristics is desirable. 3 


DIRECTLY AND OPPOSITELY CONNECTED RECORDERS 


E From Fig. 11 it is clearly evident that the negative 
gures are quite inferior to the positive figures for pur- 
poses of voltage measurement since for a given voltage 
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MENTS FOR Propucing Boral 
ES FOR ANY SurcE Vouragy 


Lo geecriy connecteo \ 5 
RECORDER, - ee . 


A B C 
17—Ficures -OBTAINED witH 'Two-RECORDER TYPE 
INSTRUMENT SHOWING LINE VOLTAGE BAND 


A—Positive surge voltage 13 kv. maximum (20 mm.) 

& B—Negative surge voltage 14 kv. maximum (22 mm.) 

_ C—Positive surge voltage 17 kv. maximum (25 mm.) 

The circles shown are drawn with the figure center as a center, and with 
the circumference touching the most distant streamer tip. The radius 
f this circle is the measure of the magnitude of the voltage 

_The line voltage band is from 60-cycle source of 2.84-kv. maximum 


yalue 
Bs 


ee B 


‘Fie. 18—Puotocrapuic LicHTENBERG FIGURES OBTAINED 
ger Two-Recorprr Type Instrument SHowina HIippDEN 
NEGATIVE FIGURE 

A —Directly connected recorder B—Oppositely connected recorder 


i Negative surge voltage 9.0 kv maximum. ‘The negative figure is hidden 
under the line voltage band. ‘Its presence is indicated by the full-size 
bOSitive figure on the oppositely connected recorder : 


_ The line voltage band is from 60-cycle source of 3.0-kv. maximum value 


V Oltage (see Figs. 17 and 18) is enough to hide negative 
Surges up to values as high as 2.3 times normal line 


4 ove this. This would result in erroneous conclusions 
regards the number of negative surges recorded. | 

To Overcome these objections, Mr. Foust conceived 
the idea of connecting two recorders in parallel with the 
: ennections of one opposite from that of the other, thus 
';'Suring a large positive figure for every surge. Re- 
} “ting again to Figs. 1 and 2, the results of directly 


Voltage and to give uncertainty to values somewhat. 


and negative surges completely hidden by the line- 
voltage band will be shown distinctly as positive 
figures. These features are shown in Figs. 16, 17, 
and/hS. 1; cae 

Fig. 19 shows an instrument of the two-recorder type. 
It uses an Eastman film eight feet long and eight inches 
wide as standard with “Cirkut Outfits.” It is driven 
by a clock at a rate of 14 in. per hour, so as to give a 
continuous record for eight days. Timing is obtained 
by photographing the hour numbers on the film. 


Fig. 19—Surce Vourace Recorper. Two-RecorDEeR TYPE 


INSTRUMENT 


This construction largely excludes polyphase in- 
struments, because of constructional difficulties, but the 
obvious advantages of having all figures available as 
positive figures is so great as to accept this condition. 
It is felt that the appligation of this idea represents a 
real extension of the use of the Lichtenberg figures and 
results ‘already obtained in the field show its merits. 
For example, out of 103 surges measured on three 


different transmission systems, 31 were of positive 


polarity, 26 were of negative polarity, and 46 were 
oscillatory. 3 


CONNECTION TO TRANSMISSION LINE 


The voltage range of the instrument shown in Fig. 19 
is from 2.8 to 25 kv. maximum. Above 25 kv. maxi- 
mum, so-called “‘slips’’ occur in the figures as shown in 
Fig. 20, for which condition calibration curves do not 
apply. The arcover of this instrument on a two- 
microsecond wave, wave shape No. 2, Fig. 9, is 85 kv. 
maximum. Thus, some provision must be made for 
connecting the instrument to transmission lines up to 
values where the normal maximum voltage to ground is 
120 kv. maximum for a 220-Iv., 3-phase line, and where 
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the maximum values of surges may be ten times this 


value. 3 


Messrs. Cox and Legg*® describe an electrostatic 
potentiometer and antenna coupling. The authors 


OPPOSITELY CONNECTED = 


DIRECTEy conNecre> 


Fig. 20—PuHoroagrapPuHic LICHTENBERG Figure 
| INSTRUMENT RANGE 
a surge voltage 33 kv. maximum wave shape No. 2 
os ae pas ENG clearly evident in the positive figure (below) are com- 
nate a a ene es their presence indicates the figure to. be of un- 
ration. Oowever, such figures can be stat ith i 
: 4 ed with certaint 
to Aa above a given voltage value depending upon the instrument design. 
Lie = ae figure (above), though symmetrical and appearing to be 
e for voltage measurement, nevertheless is not so in this range 


because of the great variation in fi ‘ . 
2 gure size with wave sh pea ae 
graphy item 9, Figs. 6 and 7) ave shape. (See biblio- 


S ABOVE THE 


have investigated and used insulator coupling. Of the 
various schemes proposed for such connection that 
shown in Fig. 21 has been recently used in 27 installa- 


tions and has been found to be simple, reliable, and easy 


Insulator String 
«— Potentiometer 


Cg ~~ 


ae 
Ae ce 

« 
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Fie. 21—ARRANGEMENT FOR ConNECTING SuRGE VoLTAGE 
ReEcorDER INSTRUMENT TO TRANSMission LINE 


to calibrate. The instrument is connected in parallel 
across several insulators of an insulator string with 
added protection over the line insulation as desired. 
The instrument is placed in a sheet metal housing, 


idl 


A 
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Fig. 22 equipped with suitable entrance bushing a 
automatic grounding device when the door is Opened 
The door is equipped with a padlock. This housin f 
protects the Instrument from the weather and insur . 
ane Sea tampering. The metal housing ale 
actS aS an electrostatic shield to eliminat : i 
ee : é nate stray field 
Fig. 23 shows the arrangement of housing, insulator 
string, and connecting leads for a field installation. -— 


ie 


Fig. 22—Suret Meta, Hovsina 
RECORDER 


It is important to have the instrument connecting ; 


leads short, preferably not longer than five feet. From 


He 24 it is seen that the figure size decreases consider- _ 
ably with a longer lead, and if the instrument is used 


with leads of different length than that with which it is 
calibrated, the resulting error is large. | . 


ADJUSTMENT OF INSULATOR STRING POTENTIOMETER 
The adjustment of the insulator string potentiometer 
is made by adding a sufficient number of insulator units 
in series with the normal line insulators to give adequate 


Fic. 23—Ixnuusrration or FIE.p Set-Up or INSULATOR 


STRING PoTENTIOMETER AND SurGE VouTace REcoRDER: IN 
SHEET Merat Hovsine | 


protection, and to provide enough insulator units across 
which the surge voltage recorder instrument may be 
paralleled to obtain a satisfactory line voltage band. 
This procedure may be carried on in the laboratory 


by impressing normal voltage at normal frequency _ 


across the entire insulator string with the surge voltage 
recorder in position. 3 : 


Table II gives the number of insulators which have 
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FoR SurGce Vo.taqe. 
: * 


= x 6 ore 


4 ysed successfully in the insulator string for dif- 
Font line voltages. 


f - 
ie 
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a a TABLE II ; 
4 ——, voltage No. of insulators | No. of insulators 
a L Bic ia No. of insulators instrument in parallel 
a be ductors line string with instrument 
4 ee. phase kv. insulation potentiometer | (included in col. 3) 
a no "e 17 \ —— 
| «66 : 9 2 

110 8 13 2 

: 140 10 is 15 2 

14 20 4 
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FIGURE 


SIZE KILOVOLTS (MAXIMUM VALUE) 


VOLTAGE FRO! 


700 200 00 
APPLIED VOLTAGE KILOVOLTS (MAXIMUM VALUE) 


‘Fig. 24—CaisratTion OF SURGE VouTaGE RECORDER AND 
PorENTIOMETER TO SHOW Errect or LenetH or INSTRUMENT 


LEAD 


CALIBRATION OF INSULATOR STRING POTENTIOMETER 
The multiplying factor of the potentiometer can be 
ealculated for normal voltage and frequency from the 
data obtained in adjusting the potentiometer string. 


Crane Hook 
(Ground) 
Porential 


= Line . 
~<— Insulators 


A. Insulators String 
ee Potentiomters 


= Surge 
Voltage 
Recorder 


; 
1G. 25—ARRANGEMENT FoR Propucine SuRGE VOLTAGES FOR 
y CALIBRATION or INSULATOR, STRING POTENTIOMETER 


For example, a 110-kv. line has a maximum value of 
WV oltage to ground of 90 kv. If the line-voltage band 
E . kv., then the potentiometer multiplying factor 
_ The question then arises: Does this ratio hold for 
Surge voltages? To answer this question, surge volt- 
pees Were impressed across an insulator string potentio- 
pcter Whose 60-cycle multiplying factor was 60. This 
gas a string of twenty insulators, four of which were in 
in with the surge voltage recorder. The source 
€ surge voltages was a lightning generator of the 


), 
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non-rectifying type discharging into an external circuit 
as shown in Fig. 25. This circuit had to be used rather 
than the circuits as shown in Figs 5 and 6 in order to 
attain the requisite voltage. The magnitude of the 
voltage was determined by sphere spark gap. The time 
of rise of the surge voltage to its maximum value calcu- 
lates to be in the order of a fraction of a microsecond. 


The results of the calibration of the potentiometer 


up to 1,400,000 volts are shown in Fig. 26. These 


results show a generally decreasing multiplying factor 
from the higher to the lower voltages. At the higher 
voltages the multiplying factor is practically the same 
as that obtained with 60-cycle voltage. 

Results of tests with circuit arrangement with the 


\ rectifying type of lightning generator (Fig. 5) to givea 


wave similar to that shown in Fig. 9 are also shown in 
Fig. 26. Tests were made with the insulator string 
potentiometer both dry and wet with spray. These 
were at the highest voltage which could be obtained 


lL 
sinatra 7 eal 


. MULTIPLYING FACTOR OF 
INSULATOR STRING POTENTIOMETER 


Fic. 26—Sureare VoutTaGEe CALIBRATION OF INSULATOR STRING 
. PoTENTIOMETER 


- Potentiometer for 220-kv., three-phase line 
Number of insulators in string, 20 
Number of insulators paralleled with the surge voltage recorder, 4 
Instrument, as shown in Fig. 19 housed in housing as shown in Fig. 22. 
Set-up as shown in Fig. 23 


with this generator for this type of work. The results 
seem to agree quite well with the non-rectifying type 
of lightning generator at the same voltage. The 
results of tests made with the insulator string when dry 
and also when wet show that for surge voltages the volt- 
age distribution is practically unchanged under these 
two conditions. ‘This is different from the condition 
at 60 cycles where at least at lower voltages the dif- 
ferences between the distributions wet and dry are 
greater. 7 | 

From the calibration of Fig. 26, for figures showing an 
instrument voltage of 25 kv., the surge voltage on the 
line is 1500 kv. Figures with slips would indicate 
surge voltages from 1500 kv. to 2100 kv. Film arcover 
at 35 kv. on the instrument would indicate surge 
voltages on the line of 2100 kv. or over. at 

The results of these calibrations indicate that surge 

voltages up to ten times normal maximum value, line 
to ground, on a 220-kv. line can be measured with con- 
siderable certainty as regards magnitude. 
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SPECIMEN FIELD RECORDS 


On Fig. 27 are shown some Lichtenberg figures ob- 
tained on a transmission line installation. The surge 
record Is from 3 p.m. until 10 a. m. of the next day 
During this time there were lightning storms in the 
vicinity of the line. It is clearly seen that these figures 
have the same characteristics as those produced with 
laboratory equipment. (The circles are drawn for 


voltage measurement, see Fig. 17.) The figures on the 
left and right are interpreted to be from oscillatory 
surges of highly damped nature, such as shown in Fig 


Fig. 27—LicuTenperc Figures OBTAINED oN A TRANSMIS- 
SION LINE INSTALLATION DURING A LIGHTNING StoRM 


16c which is known to be from an oscillatory surge 
voltage. The oscillatory nature of these surges is 
derived from the presence of both positive and nega- 
tive Lichtenberg figures on both recorders. The 
middle figure indicates a unidirectional surge voltage 
of negative polarity such as shown in Fig. 16B. 

It is noted that there is no line-voltage band upon the 
film. This sometimes occurs and it is thought that this 
is due to the variation in voltage distribution across the 
insulator string potentiometer at norma] line voltage 
and frequency. : 

Fig. 28 shows a photographic record of surge voltages 
obtained on a, 220-kv., three-phase power transmission 
line, using a surge voltage recorder of the two-recorder 
type (Fig. 19) with an insulator string potentiometer 
as described above. The normal maximum value of 
the voltage to ground is 180 kv. and the multiplying 
factor of the potentiometer was 60. The record shown 


is from 11 a.m. on one day to 2 p. m. the day following. 


The line-voltage bands sho 
on and off during this neriod: ne ne - ve ee 
The record shows distinctly a high surge voltage at 
4:20 p. m. on Friday and the weather reports indicate 
severe lightning in the vicinity of the installation at 
this time. The logs of the line-voltage band some thirty 
minutes before this surge shows that the line was de- 
energized at 3:50 p.m. A close examination of the 
original film reveals a surge at 4:03 p.m. but this is not 


distinguishable from the print. The figure obtained 


at 4:20 p. By on the oppositely connected recorder is a 
positive “slip (see Fig. 20) and therefore represents a 
voltage of negative polarity on the instrument of be- 
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an” 
Ori 


tween 25 kv. and 35 ky. 


is predominently negative. 


recorder, however, the surge must have been oscillator 


tive polarity and very much lower voltage. 


At 10:30 p. m. on the same d - 
- ™m. on ay another surge wa. _ 
recorded. A lightning storm was in ‘progress at cial 


time and the line excitation had been 

, removed abo 
fifteen minutes before this surge. Positive: figune 
were obtained on both recorders. : 
oppositely connected recorder indicates an initial half. 
cycle of negative polarity of 780 kv. The figure on 


the directly connected recorder indicates the second i 


half-cycle to be of positive polarity of 270 kv. 


The weather records for Saturday morning show 7 


another lightning storm in progress. The surge 


record reveals two surges, one at 8:11 a. m. and one 4 


at 8:18 a. m., the line having been de-energized at 8:1] 


a.m. From the print, these two surges are not go q 
clearly distinguished, though from the original film 


the record is clear. The figure obtained at 8:11 a.m, 
on the directly connected recorder is of positive charac- 
teristics and on the oppositely connected recorder of 


negative characteristics. The line surge was therefore . 


Fig. 28—Sprcimen ReEcorpD or Suracr VOLTAGES ON A TRANS 


MISSION LINE DuRING LIGHTNING STORMS 


unidirectional and positive in polarity. The figure 


eccrine ; in i 
he directly connected recorder is a positive “slip” 


and therefore indicates a line volt | 
and 2100 ky. age of between 1500 


The figure obtained at 8:18 a. m. is positive on the 
oppositely connected recorder. The instrument volt- 
age corresponding to this figure is 21.5 kv. and this 
gives a line voltage of 1290 kv. of negative polarity. 


This specimen record shows how the figures may 
overlap on the slowly moving film when the surges 
occur in quick Succession. Even under these conditions, 
however, it is generally possible to analyze the figures 
with considerable accuracy when the original film is 


ache Using a potentio q 
multiplying factor of 60, this figure representsia All : 
voltage on the line of from 1500 to 2100 kv. Tee 
corresponding figure on the directly connected recorder q 
ne Since some positive fi, — 
characteristics are discernible on the directly connen a q 


and of a highly damped nature (see Fig. | ith . 
g. 16) witha 4 
_half-cycle of negative polarity and the second of fe 


The figure on the — 


OSs 


ed ad when the figures from the two recorders are 


yailable- salen aru 
Practically all figures obtained on transmission lines 


ave peel of the type II class*, and may be placed, 
‘orefore, within the wide range of wave fronts which 
Bry roughly from that of a slow 60-cycle wave to a 
be which comes to its maximum value in a fraction 
¢ 4 microsecond’s time. | me 

in connection with the surge voltage values obtained 
‘om the figures shown on the specimen record (Fig. 28), 
, Re interesting to note that they compare favorably 
nth the laboratory results of insulator flashover tests. 
The value 1800 kv. for the lightning sparkover of. a 
A-unit insulator string given by Mr. Peek’ seems to 
be close to the upper limit of voltages actually measured 
sn the line by means of the recorders. 


SUMMARY 


‘It has been shown that surge voltage recorders using 
the positive photographic Lichtenberg figures have 
ojven essentially the same calibration data under a 
variety of conditions; also that the accuracy of such an 
mstrument is in the order of 25 per cent, with a some- 
what better value possible for those measurements 
wherein several similar observations may be obtained. 
An extension of instrument design has been described 
wherein two recordérs are used together, which allows 
the use of the positive figure as a voltage measure 
of all surge voltages, thus insuring greater certainty of 
result. A more comprehensive analysis of the figure. 
characteristics is also possible, since both positive. 
and negative figures are available, 

_A means of connecting the surge voltage recorder 
to a transmission line of higher than instrument voltage 
has been described which has been proved in service 
to be simple, reliable, and easy to calibrate. Cali- 
bration data are presented to show that with such con- 
nection, reasonable accuracy may be obtained in re- 
cording voltages up to values in the order of 2000 kv. 
A specimen record of such voltages obtained in the 
fleld is shown. , 

" The records which can‘be obtained from surge voltage 
recorder instruments connected as desired along a 
transmission line will allow the facts regarding surge 
Voltages on transmission lines to be determined with 
reasonable exactness. en 


Bibliography 

4 1. Lichtenberg, G. C., Super nova methodo motum ac 
1 aturum fluidi electrici investigandi. Soc. Reg. Se. Gottingensis 
4778, TS, pp. 168-180. | 

| Trouvelet, E. T., ‘‘Sur la forme des de’charges electriques 
our les plaques photographics,” La Lumiere Electrique, 1888, 
V- 30, pp. 269-273. : 

Brown, J., ‘‘On Figures Produced by Electric Action on 


PP. 502-505, 

4 4. Pede:sen, P. O., ‘‘On Lichtenberg Figures,’’ Pamphlet, 
; Parts, 1919-1922, Host & Son, Copenhagen. 

F - Toepler, Max, ‘‘Laws of Creepage Phenomena,” Archiv 
4 ur Hlektrotechnik, Sept. 10, 1921, v. 10, pp. 157-158. 


Bent of Time Intervals of 10-7 to 6.7 X 107" Seconds,” Physical 


Photographic Dry Plates,” Phil. Mag. 1888, Series 5, v. 26, 


6. Heymans, Paul; and Krank, N. H., “Method of Measure- 


Review, June 1925, v. 25. 
7. Peters, J. F., “The Klydonograph,” Electrical World, 


Apr. 19, 1924, v. 183, pp. 769-773. 

8. Cox, J. H. and Legg. J. W., The Klydonograph, A. I. E. EB. 
JOURNAL, June 1925, v. XLIV, pp. 857-871. 

9. McEachron, K. B., Measurement-of Transients by Lichten- 
berg Figures, A. I. E. E. Journat, Oct. 1926, v. 45, pp. 934-939. 

10. Peek, F. W., ‘‘High-Voltage Phenomena,” Journal 
Franklin Institute, Jan. 1924, v. 197, No. 1, pp. 1-44. | 


Hemstreet-- Concluded from p. 205 


to the ground. It would seem that this type of con- 
struction would give the maximum protection in so far 
as the lightning storms were concerned, provided 
some method is worked out to prevent the shattering 
of the poles and crossarms and the possible burning of 
the poles or crossarms in some localities due to leakage 
over the insulators. 

- Conductor clearance and separations have been 
increased on all new lines, and provisions made for the 
installation of longer insulator strings, if this seems 
desirable after the effectiveness of the ground wire has 
been determined. | 

On the strain type construction some means of 
holding the loop or jumper will be installed so that there 
will be no possibility of its coming close enough to the 
tower to cause flashovers. 

CONCLUSIONS 

1. Transmission lines in sections where lightning 
storms are prevalent are subjected to extremely high 
voltages, which will cause quite frequent flashovers of 
the insulators unless constructed in such a manner, or 
protected so as to hold down this voltage. 

2. The severity of the conditions affecting the line 
varies considerably. in different sections due to local 
surroundings and perhaps the severity of storms. — 

3. Unless equipped with some type of arc protection, 
damage -is very apt to result to the line conductors, 
which, if it does not cause failure at the time, weakens 
the wire and creates the hazard of failure at some future 
time. - 

4, Cascading of the arc over the insulator strings will 
take place to some extent in nearly all flashovers unless the 
string is provided with suitable preventative equipment. 

5. Surges due to switching or grounds in so far as the 
line insulators are concerned do not appear to be of 
serious consequence. 

6. Careful inspection of lines is warranted on account 
of the defects found that are not apparent from the — 
ground, particularly on a system operating with isolated 
neutral. | 

7.. It seems desirable that a thorough study, including 
conditions affecting the height of line, as well as the 
frequency and severity of storms, be made before a 
line is constructed to determine the necessary protective 
features. : 
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conductor. This illustrates that a large measure of 
protection is obtained from ground wires even with a 
high ground resistance. | 
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below that on the bottom conductor where the ground 
wire was placed immediately above the top wire.. 


4. The use of properly designed arcing protective © 


devices has in all probability resulted in a certain 
reduction in the number of flashovers, and has very 
definitely minimized cascading where flashovers did 
finally result. Where cascading does occur, the use 
of arcing protective devices results in the reduction of 
the damage to such an extent as to be of minor impor- 
tance from an operating standpoint.» 

5. In cases where tower resistances are not par- 
ticularly high the data showed nothing conclusive 
with regard to the effect of resistance on lightning 
flashover. — 

6. The two-circuit line having its circuits arranged 
vertically on the same tower has shown itself to be very 


the relationship as given by any heretofore 


formula. 


‘The author acknowledges with thanks the coopera — 
zations — 


of the — 


reliable from the continuity of service point of view. 4 
In approximately only 15 per cent of the cases does 4 4 
outage result on both circuits, one circuit only going a 


out in the remaining 85 per cent of the cases. 


7. The localization of damage in case of flashover ~ 
confirms very definitely the field data obtained by 4 
klydonograph and indicates a very rapid attenuation — 
indicated would — 
cted from — 
published — 


of surges. In fact, attenuation 
appear to be more rapid than would be expe 


tion and help furnished by the operating organ! 
of the Appalachian Electric Power Company, 
Indiana & Michigan Electric Company, and of 
Ohio Power Company in gathering the field 


in the preparing of the paper. 
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I. INTRODUCTION ) 
}»ECENT progress in the mastery of lightning 
problems through combined research in the 
laboratory and field has been so rapid that it 

seems important at this time to make a review of the 
_ present status of the various phases of the subject. 
~ While there is still much to learn, lightning may be said 
- to be now at least on an engineering basis since it is 
expressed numerically in volts and amperes. It has 
been removed from the realm of the “‘medicine man.”’ 

The following indicate how rapid the progress has 
- peen: The wave shape of lightning has been pictured 
by the cathode ray oscillograph; the time required for a 
cloud to discharge has been: measured by the cathode 
ray oscillograph; the attenuation of lightning waves 
traveling on a transmission line has been determined; 
natural lightning waves have been reproduced in the 
laboratory where their effects on transmission lines, 
insulators, insulation, transformer and protective ap- 
_ paratus have been studied at will; a lightning generator | 
_ producing over 3,600,000 volts has been constructed 
and waves from this generator have been sent over 
transmission lines to test full size tranformers and 
other apparatus to determine how to make them 
highly resistant to lightning; scientific work on the time 
_ lag of gaps and insulation has been extended, etc. The 
_ above list is not complete but will serve to indicate 
_how much progress has been made. The important 
_ phases will now be discussed in detail. 


II. LABORATORY RESEARCH 


| The Inghtning Generator. Up to the early part of 
1927 the laboratory lightning work had progressed 
80 far,! that it seemed important to double the 2,000,000 
volts available at that time. This high voltage was 
' desirable so that full size apparatus could be tested and 
Tesults obtained without extrapolation. A 3,600,000- 
Volt generator was built and is in satisfactory operation ; 
and an extension is now available so that about 
9,000,000 volts is obtainable. Double the directly 
_ £enerated voltages due to reflection have beén measured 
_ at the ends of transmission lines. 

A radically new method was devised by the author to 
Obtain the very high voltages.2 The effect is of adding 
i two, three, four, or more of the original generators in 


“Consulting Engineer, General Electric Co., Pittsfield, Mass. 
af (On J anuary 25, 1929, after the original writing of this paper, 
1 Voltage of the lightning generator was increased to 5,000,000 
Volts, and laboratory lightning research started at that potential). 
I. See bibliography for all references. | 
Presented at the Winter Convention of the A. I. E. E., New York, 
- Y., Jan. 28-Feb. 1, 1929. : 
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series at the proper instant so that all of the respective 
impulse voltages add together. No rectifiers are used. 
The a-c.voltage is applied directly toeach unit generator. 
At that instant on the crest of the wave when each unit 
is fully charged, gap sparkovers take place that connect 
the generators in series and the impulse occurs. The 
connections are shown in Fig. 14. The condensers 
of the three generators C,, C2, C3; are charged from 
the transformer to a crest voltage corresponding 
approximately to the G, gap setting. Sparkover occurs 
on G, followed immediately by sparks on G, and G3. 


. Resistance R,, Ry, and R., R; and R. permit the small. 


60-cycle changing current to flow but are, in effect, 

infinite to the very high impulse current. The result 

is as shown in Fig. 1B. Only three gaps are in series 

on 3,600,000 kv. and four on 5,000,000 kv. One, two, 

three, four, or more steps can be used. The wave shape 

is determined by R, L, and C. Waves varying in 
The dotted lines show 


connections for 
R, 7-000,000 volts 


L——- mast 
( Clans 
3600 Kv. |! 5000 Kv. 
lightning = lightning 
voltage voltage 
4 4 


High voltage Ist al 
transformer = 4 5 


' 
+ L 


4th Stage 


+ 


3rd Stage 


Ra sRg Ro Rp R, Rp, are high resistances A 
G, 


C 


C 
Fic. 1—Crrcurir Draqgram oF LIGHTNING GENERATOR 


duration from a few microseconds to a thousand micro- 
seconds have been experimented with. A capacity of 
at least 0.0034 microfarads is generally used per unit. 
The maximum energy is about 14,000 watt-seconds. 
Fig. 1c shows the original single-unit generator. 

The above generator is more satisfactory for very 
high voltages than where the a-c. voltage is rectified, 
and capacities are charged in multiple and then dis- 
charged in series. To obtain the above voltage with 
the Marx connection,’? 35 to 50 units with 35 to 50 
spark-gaps would be required. However, the Marx 
arrangement is satisfactory for low or moderate 
voltages. : 7 

Fig. 2 shows a 3,600,000-volt flash from the lightning 
generator. The maximum sparkover distance possible 
with such a voltage depends upon what wave shape of 
surge the lightning generator is adjusted to give. 
With a surge of a very short duration, a sparkover. of 


415 


ape 1929 


only 9 ft. can be Lae at 3,600,000 volts crest. 
Longer distances can be broken. down with long waves, 
as will be explained later, as much as 20 ft. being pos- 
sible with a 1000-microsecond front. The _ light- 
ning generator condenser units are shown in Fig. 3. 
(a) Measurements at very high voltages 


Fig. 2—3,600,000-Votr ArririciaL LighTNING STROKE 


~ PL-3067- 


ye 


Fig. 3—LIcHTNING GENERATOR 


Voltage. Considerable skill and experience is nec- 
- sary to measure high lightning voltages of very short 
duration. During the pioneer work, it was necessary 
to check the voltage measurements in a number of 
ways. The voltages were first calculated from the 


circuit arrangement; a check by 100-cm. sphere-gaps | 


up to 1500 kv. was made; readings were taken with 
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a surge voltage recorder‘ or klydonograph, ; as @ final 
method measurements up to the maximum voltage 
were made with a capacity potentiometer. Surge. 
voltage recorder records of 5,000,000 volts from the 
lightning generator are shown in Fig. 4. 

Wave Shape. In the first studies of transients, wave 
shapes could not be pictured directly; it was necessary 
to calculate ‘them. The cathode ray oscillographs 
now affords a means by which oscillograms can be taken 
readily. It is interesting | that these oscillograms 
measuring time in microseconds check the early work.2 
Fig. 5 shows. a typical oscillogram. This particular 
wave reaches its crest in a fraction of a microsecond 
and then decays to half value in five microseconds, 
Surges are frequently measured along a high-frequency 
timing wave as in Fig. 6. 

As a matter of convenience, such waves val be 


NEGATIVE 


“POSViIVE 


Fig. 4—Surce-Vouttace ReEecorpER Recorps or 5,000,000- 
Vout ARTIFICIAL LIGHTNING 


reduced to rectangular coordinates as in Fig. 7. The 
Fig. 7 wave has been used extensively in sparkover 
tests and is believed to approximate the effects of 
actual lightning. — 

(6) Swparkover of spheres, points, and insulators 

The full line curves in Figs. 8; 9, and 11 give the 


high voltage laboratory “standard wave’ and other 
waves. In making these curves, the full effect of the 
wave was used; that is, the impulse for a given gap 
setting was increased until sparkover just did occur. 
In addition curves are given for sparkover on the crests 
of the waves. Breakdown takes place on the crests of 
the wave with applied crest voltages considerably higher 
than those just necessary to cause sparkover. . Fig- 
12 shows that the lightning sparkover depends upon 


the length of the string or the spacing of the units. 


Five and three-fourths in. seems to be approximately 
the right spacing for 10-in. diameter disks. _. 
(c) The effect of wave. cee on the lightning spark- 
over. Polarity | 
With the exception of gaps between electrodes 
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sparkover voltages for different gaps with the Pittsfield — 
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producing a uniform field the lightning or impulse 
sparkover voltage is always appreciably higher than the 
60-cycle sparkover voltage. The steeper the wave or 
the shorter the duration of the transient, the higher the 
erest sparkover voltage. With an exceedingly steep or 
short wave there may even be a measurable increase for 
spheres. The lightning breakdown voltage will thus 
vary because lightning surges vary. ‘The ratio of the 


lightning to the 60-cycle erest sparkover voltage is. 


Microseconds 


Fig. 5—TypicaL Five-MicrosEconp Wave oF LIGHTNING 
GENERATOR 


Fig. 6—Wave MEASURED WITH OSCILLATORY SWEeEp ON 
CatHopE Ray OsciLLOGRAPH 


4 


Voltage per cent 


O24 2G. 855810 12 141618" 20-22 “2426-28-30 
Microseconds 


Fie. 7—Liautninc Wave or 3,600,000-Votr LiguTnine 


GENERATOR CALCULATED AND WAVE AS MEASURED BY THE 


CatHopr Ray OsciLLOGRAPH 


always greater than unity. Some years ago, this was 
termed the impulse ratio.2 Under the usual severe 
lightning conditions in practise, insulator sparkover 
Voltages give an impulse ratio of two. This has been 
Well established by comparing the lightning sparkover 
Voltages of insulators as measured in the field by the 
Surge voltage recorder and the klydonograph with the 
60-cycle sparkover voltage. The impulse ratio is 


thus an Indication of the effective duration of the wave. 


he wave in Fig. 7 gives approximately an impulse ratio 
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of two. Points measured on transmission lines are 
indicated on one curve of Fig. 11. The. standard 
high-voltage laboratory wave was established before 
the field data were available. The laboratory lightning 
thus corresponds to the wave causing sparkover and 
damage in practise, for if the actual lightning wave were 
of effectively longer duration the impulse voltages 
could not be so high. 

Whether the front or the tail of the wave is the 
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Fig. 8—Pornt-Gap ‘SPARKOVER FOR DIFFERENT LIGHTNING 
W AVES. 


See Fig. 5 for oscillogram of five-microsecond wave. 
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Fia. 9—SPHERE-GapP SPARKOVER 


100-cm. diameter spheres—one sphere grounded. 


controlling factor in ‘determining the lightning spark- 
over depends upon the voltage applied. This is well. 
illustrated in the oscillograms of Fig. 18 representing 
actual test records on a 19.9-cm. point-gap.. The same 
wave shape was used throughout these tests. In the first 
tests the voltage was increased until sparkover occurred 
at 50 per cent of the applied impulses. An impulse 
wave with a crest voltage of 175 kv. was required for 
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breakdown while the 60-cycle crest sparkover value for 
the same distance was 125 kv. The impulse ratio was 
accordingly 1.40. The actual sparking points on the 
wave are indicated by the crosses. An interesting 


Fie. 10—Ligurninc SpPaRKOVER OF 100-CM. SPHERES FOR 
Wave or Very SHort DuratTION 


fact was found here probably for the first time— 
namely, that sparkover actually took place after the 
tail of the wave had decreased below the 60-cycle 


Impulse ratio 


0242. H4k 628 10 12 14-16 18 20 22 24 
Number of units ; 


Fig. 11—Ligutnine anp 60-CrcLe SPpaRKOVER CURVES OF 
SUSPENSION INSULATORS FOR DIFFERENT WAVES — 


See Fig. 5 for oscillogram of five-microsecond wave 


| male! Apparently the breakdown effect, once started 


by the overvoltage, continues, so that the sparkactually 
forms after the wave has fallen below the minimum 


60-cycle crest sparkover voltage. This is of great 
theoretical interest, but space does not permit further 
discussion here. A wave 57.5 per cent in excess of the 


minimum impulse sparkover voltage was next applied 
to the gap. As can be seen from Fig. -18, sparkover 
still took place on the tail but at a higher value. Break. 
down of the gap occurred on every applied impulse. 
With 180 per cent excess voltage, sparkover took place 


practically on the crest of the wave, while at 178 per — q 


Figures indicate number of 
5 3/" spaced insulators in string. 
For other spacings determine total 
length and read directly from curve 


10 20 30 40 50 60 708090100 
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Fic. 12—Licutnine AnD 60-Cycie SPARKOVER FOR STANDARD 
10-In. DiametER SusPENSION TyPE INSULATOR 


Length of string and actual physical length between center lines of bolt 
holes; not actual arcing distance or creepage distance 
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Fic. 14—VanrIATION or SPARKOVER VOLTAGE FOR WavESs OF 
5, 10, anp 20 Microseconps DuRATION 


50-cm. needle-gap—sparking 50 per cent of applied impulses 


cent overvoltage, it occurred on the Poort of the wave. 
The corresponding impulse ratios for this short gaP 


cover a range from 1.4 to 3.50. Fig. 14 shows the 
variation in sparkover voltage with waves of the same 
front but with 5, 10, and 20 microseconds durations 


above the 60-cycle sparkover voltage. 
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Tests were also made with waves rising more or less" 


uniformly at various rates and with breakdowns always 
occurring on the fronts. The results are shown in Fig. 
15. For the gap used in Fig. 15, the impulse sparkover 


voltage approximately equals the 60-cycle sparkover 


when the time from application of voltage to complete 
preakdown is approximately 1000 microseconds. This 
shows the effect of wave-front steepness increasing the 


a sparkover voltage as previously noted. 


Standard tests in the laboratory are made a gradu- 
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Fic. 15—Sparkover VoutaGE ror Waves Risine UNIFORMLY 
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ally increasing the impulse voltage until sparkover 
occurs on 50 per cent of the applications. The instan- 
taneous breakdown voltage when the front is relatively 
short then depends largely upon the duration of the 
tail. This is illustrated in Fig. 16 where the crest 
voltage is the same for the three waves. 

If the impulse ratio is the same the results on solid 


and liquid insulation are approximately the same © 


whether the standard wave, the lightning wave, or a 
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Fig. 16—Errect oF WAvE FRONT ON SPARKOVER 


Waves 
Crosses indicate average goers range 


Wave with a slowly rising front is used. The three 
waves are illustrated in Fig. 17. Any of these is equally 
effective for testing purposes. 

A gap between spheres has very little time lag if 
the spacing is not greater than the diameter of the 
Spheres. In general, therefore, the impulse ratio is 
practically unity, and the sphere-gap indicates the volt- 
age at the crest of the wave. However, because it is 
generally desirable to know the effective duration of the 
Wave as well as its crest, in making tests a “‘time-gap”’ is 
necessary. ‘The suspension insulator is a very good gap 
for this purpose. An example will best illustrate the use 


Sparkover ‘of 13-cm. needle-gap with given impulse ratio and different 
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of such a gap. AEREe that it is desired to compare the 
lightning sparkover voltage of two entirely different 
types of bushings, but that it is not possible to do this 
in the.same laboratory with exactly the same waves. 
A sphere-gap measurement would give the crest of the 
wave, but equal sparkover voltages would not indicate 
equivalent bushings unless the shapes of the waves were 
known. However, a very good comparison can be 
obtained by the insulator ‘‘time-gap”’ even if the waves © 
differ considerably. This can be done by placing an 
insulator string in parallel with the bushing, apply- 
ing impulses, and adding or removing units from the 
string until 50 per cent of the sparks occurs on each. 
The equivalent breakdown strength of the bushing 
is thus obtained in terms of line insulators. Since the 
impulse ratio of bushings and insulators vary together 
up and down over a wide range with varying wave 
shapes, the effect of variations due to such differences 
is eliminated and a good comparison is obtained. The 
lightning sparkover voltage of the bushing for any 
particular wave can then be determined from the light- 
ning sparkover curve of the insulator string. The 
insulator time-gap also offers a convenient method for 


20 Microsec. Laboratory wave, 
laboratory wave — of mel front 


Time - microseconds 


Fig. 17—SPpaRKOVER VOLTAGE FOR VARIOUS WAVES 


comparing the lightning strength of solid insulation. 


- Since the lightning sparkover varies with the length of 


the string, it is usually best to express it in terms of the 
60-cycle sparkover rather than the number of units, 
whose spacing may vary. It is possible to use other 
*“‘time-gaps’”’ such as spheres with resistance in series, 
gaps'in oil, etc., but the suspension insulator seems best 
for practical purposes because it is the “‘time-gap”’ that. 
limits the voltage on lines.! 

When the maximum voltage of the lightning impulse 
causing an insulator sparkover is measured by a 
sphere, surge-voltage recorder, or klydonograph and 
the 60-cycle crest flashover voltage is known, the 
effective duration of the wave is also obtained. For 
example, the lightning sparkover of insulator strings 
measured on the 220-kv. lines of the Pennsylvania 
Power & Light Company were found to average about - 


2000 kv. For these insulators the 60-cycle sparkover 


was about 1000 kv. This indicates an average impulse 
ratio of 2.0. The usual impulse ratios of natural light- 
ning varies between 1.8 and 2. The crosses in Fig. 11 
for four, ten, and fourteen unit insulator strings are 
flashover voltages due to natural lightning as measured 
by surge voltage recorders. In a few cases, im- 
pulse ratios as high as 2.7 were obtained. These 
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impulse ratios show that the effective duration 
varied from 1 to 20 microseconds, where the effective 
duration is the time that the voltage is above half 
voltage, or approximately the time above the 60-cycle 
sparkover. Such waves are illustrated in Figs. 5 and 7 
and were actually measured by the cathode ray oscillo- 


Fig. 18—Ligurninc APPLIED TO SHIELDED AND Novn- 
SHIELDED INSULATOR STRINGS IN PARALLEL. SPARKOVER ON 
Non-SHIELDED StRiING.—80-MicrosEconD WAVE 


graph. Thus a wave giving an impulse ratio be- 
ween 1.8 and 2 on line insulation represents the average 
severe field conditions, and the standard laboratory 
wave, established long before measurements were avail- 
able, is confirmed as simulating practical conditions. 
The lightning wave secured on the Pennsylvania Power 
& Light Company line this last summer had a duration 
above half voltage of about 20 microseconds. 

In the early work? on transients it was found that 
where dissimilar electrodes were used, lower voltage 
sparkovers occurred with the smaller electrodes posi- 
tive. This fact has been checked in these recent tests, 
and the greatest differences in voltage result between a 
point and a plane. With long insulator strings the 
polarity effect is not appreciable. 

(d) The grading shield 

An important development is the grading shield for 
insulators.? The grading shield bears about the same 
relation to the insulator string as the ground wire does 


to the line. An important function of the grading , 


shield is to cause even distribution along the string. 
This strengthens considerably the path along the insu- 
lator surfaces to lightning and forces the are to take 
place between the rings which may be set for a lightning 
- sparkover voltage higher than that of the non-shielded 
string. Destructive cascading is thus prevented. In 
this way the gain in voltage may be as much as 10 per 
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cent to 12 per cent, and. can be.checked by comparing q 
the lightning sparkover of the non-shielded string with 


the needle-gap lightning sparkover of the distance 


between rings. For instance, the sparkover voltage  _ 
of a 16-unit non-shielded string from Fig. 11 is 2050 ky, 
at 20 microseconds. For 85 in. (from Fig. 8) between 
rings, when the sparkover occurs on a shielded string, 
it is 2200 kv. For the 20-microsecond wave this ig . 
usually over 10 per cent for long strings: For very 

steep waves it may bemore. That there is considerable 
advantage in voltage for the shielded string is illustrated. 
in Fig. 18 where an impulse of 80 microseconds duration . 


above the 60-cycle sparkover voltage is symmetrically 
applied to the two strings connected in parallel. The 
flashover occurs on the non-shielded string. The 
difference in sparkover voltage is not appreciable with 
longer waves. Fig. 19 shows a shielded and non- 
shielded string. Careful adjustment to prevent cas- 
cading must be made at the steeper waves because less 
time is available for allowing corona and surface dis- 


charges to distribute properly the voltage stress over the " 
units. Sufficient time is available with slower voltage _ 
applications. The gain in voltage with the shield is” 


incidental as its important function is to prevent 


cascading. . 
While the sparkover voltage to lightning waves may . 


be increased by the shield, the 60-cycle sparkover volt- 
age may be lowered. This is not a handicap because 
lightning surges having an impulse ratio of unity and 
thus corresponding to 60-cycle waves have never been 
observed in practise. The dry 60-cycle shielded spark- 


Fig. 19—Tyricat Licutning ARCS ON SHIELDED AND NON- 
SHIELDED INSULATOR STRINGS 


over voltage might be somewhat increased by using 
very large shield surfaces free from sharp ends or points. 
However, there can be no gain in practise in this way 
because the large surfaces would be reduced to equiva- 
lent “points” in 60-cycle voltages when wet by the 
first raindrop. Lightning sparkover voltage is not 
affected by rain. 7 
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The oscillogram in Fig. 20 shows the succes- 
sive cascading of the units in. a_ non-shielded 
string. That shields prevent deterioration of the units 
in a string through improved distribution of voltage 
stresses is forcibly illustrated in tests. After a few 


lightning sparkovers, insulator units fail in the non-_ 


shielded strings while there are no failures in the 
shielded strings. —— ae 
In addition to the actual increase in lightning spark- 
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Fic., 20—Catuopr Ray OscitLoGram or Successive BREAK- 
DOWN oF Units In NON-SHIELDED INSULATOR STRING OF THREE 
UNITS 


(a) Line unit cascade 
(b) Second unit cascade 
(c) Complete string flashover 


over voltage discussed above, there is also an apparent 
increase which is probably of more importance. When 
the energy of the lightning generator is limited, it is 
necessary to supply a higher voltage to a shielded string 
to cause sparkover. This apparent increase in spark- 
over voltage may be of a higher order than the actual 
‘Increase. The extra voltage must be generated because 
of the energy dissipated by the ‘‘barrel’”’ of corona be- 
tween the edges of the rings. (See Fig. 21.) The 
gain has been observed when the energy available 
approximated that in an average span and should be 
an approximate measure of the effect in practise since 
there is one shield for each line per span. This energy 
dissipating effect by corona has been made use of by 
purposely designing grading rings of flat strap material 
in place of smooth surfaced pipes. 

The results of lightning sparkover tests with the 


strings excited at normal 60-cycle voltages were not 


different from tests on non-excited strings. 

From the above it can be seen that a successful shield 
must grade and increase the strength along the string 
so that sparkover is forced to occur between rings 
rather than over the surface of the insulators with the 
shield at the same time maintaining. a high 60-cycle 
flashover voltage; that the design must be such as to 
dissipate the maximum energy by corona and thus 
have the effect of increasing the impulse sparkover 
Voltage; that single sharp points or, sudden surface 
changes are undesirable; that no practical gain results 
from large rounded surfaces. 

From the standpoint of clearing the dynamic arc, 
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complete round or oval rings are highly desirable as a 
track for the are when blown by the wind. Anchor 
points at the ends of a sectionalized shield may cause 
it to wrap around the string. 

Horns cannot prevent cascading without a serious 
reduction in voltage because they do not properly 
grade the string. They must be adjusted for a light- 
ning sparkover voltage lower than that of the weak 
-non-shielded string. 
(e) Wood poles | 

The insulating value of a wood pole to lightning 
voltages has been measured up to 3,600,000 volts. 
The measurements show that the strength of wood 
poles of such varying degrees of wetness and dryness 
as might occur in practise, range from 100 to 300 
kv./ft. A good average value is 180 kv./ft. Thus, 
a pole 35 ft. high, with a 5-ft. crossarm, would have a 
lightning sparkover voltage of 40 x 180 = 7200 kv. 
The insulator would add very little to a pole of this 
length. However, when the length of wood in series 
with the insulator is not over 10 ft., from 75 to 100 


per cent ‘of the insulator flashover voltage may be 


considered as added to that of the wood to comprise the 


% 


Fia. 21—Dissipation or Ligntnina ENERGY BY CoRONA ON 
INsuLATOR SHIELDS 


total pole insulation. A practical example of this is a_ 
pole made conducting by a lightning rod to prevent 

splitting, with the insulation depending upon the insu- 

lator and crossarm. In a case of this kind, part of the 

insulation of the pole could be utilized and protection 

from splitting afforded at the same time by placing a 

gap in series with the lightning rod. To prevent 

splitting, the 6-3-1 ratio shown in Fig. 22 should be 

used. | | oe 

_ Whether a pole is wet or dry makes very little 
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difference on the lightning voltage necessary to cause 
complete flashover. However, when a pole is quite 
wet, incipient sparks will take place over the insulator 
string at voltages approximately equivalent to the 
lightning sparkover voltage of the insulator string 
above. 7 


Fig. 22—Proprortions ror Woop Pore Protective Gap 


While wood poles without rods or ground wires may 
have very high lightning sparkover voltages, there is 
always a danger of long delays due to split and burned 
poles that could not be tolerated on important lines. 
The porcelain insulator is more reliable. However, 
by use of gaps as illustrated above, part of the insulating 
value of the wood may be used to advantage on certain 
secondary lines. Fig. 23 shows a lightning flashover 
test being made on a 20-ft. pole. 
(f). Effect of bus structures on lightning voliages— 

tower structures 

Tests made on models in the laboratory show that the 
bus structures of outdoor stations should be of material 
assistance in reducing transient voltages. There are 
several effects that help. The grounded steel work 
acts as a very effective ground wire system which may 
reduce induced voltages very considerably. ‘Tests on 
line models built to scale often show as low as one- 
third voltage when bus structures are added. Full 
effect of this is not obtained in practise due to the 
limited physical length of the structures compared to 
the cloud. A wave traveling to the bus structure 
would be reduced in voltage due to the reduction in 
surge impedance. The massed capacity effect of the 
bus would prevent high voltage reflection. The 
effects in practise should be quite effective for waves 
chopped short by insulator arc-overs. Several extra 
ground wires of a half mile or more in length extending 
out from a station, should, because of reduction in surge 


impedance, be very effective in reducing the voltage 
of incoming waves. On the other hand, tests show 
that the omission or reduction in the ground wires at 
the station causes a rise in voltage. 7 


Tests on models have been very useful in determining 
the best arrangement of ground wires, the effect of high 


towers at river crossings, etc. Tests are also under way 
to determine the practicability of protecting towers from 


direct strokes by rods. 


(g) Transformers and Transformer Insulation. — | 
The new lightning generator has made possible 
invaluable studies on full size transformers and 
insulation arrangements. It has long been recognized 
that the internal insulation of a transformer should 
be stronger than the bushing while the bushing in 
turn should be stronger than the adjacent line 
insulation. Research on transformers has been made 
by applying lightning waves over a line insulated 
in the usual way. The general method is to apply 
eradually increasing impulses until the insulators spark 


over. Insulator units are then added until either the © 


bushing sparks over or the internal. insulation fails. 
If failures occur internally, the weak points are then 


~ 


Fig. 23—LIGHTNING SPARKOVER OF 20-rt. Woop: POLE 


strengthened until the flashovers occur on the bushings. 
The insulator is ideal as a voltage limiting gap for such 


tests because it performs the same function in practise, 


limiting the surges in duration as well as magnitude. 
Cathode ray oscillograph records are taken and the 
voltage distribution is measured throughout the wind- 
ing. This last measurement is of extreme importance 
since it shows that in the usual transformer the voltage 
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distribution is not constant but varies with steepness — 


and duration of the impulse or the frequency of the 
transient. High frequencies and steep impulses may 
cause excessive voltages at any part of the winding. 
The ideal transformer would be one in which the voltage 
distribution was the same for all frequencies and wave 
shapes. Fortunately it has been possible to accomplish 
these results by the shielded design, which is an entirely 
new type. It will not be necessary to go into details 


here as this transformer is described elsewhere.® 
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Fie. 24—Vo.urace DIstTRIBUTION AT ALL FREQUENCIES OF 
SHIELDED AND Non-SHIELDED TRANSFORMERS 
2 


Fig. 24 shows the results of tests on an actual trans- 


former. In the shielded transformer the impulse and — 
high-frequency distribution is shown to be practically 


the same as the 60-cycle distribution. The transient 
distribution curve, which is the envelope of voltages for 
all high-frequency transients and impulses, is quite 
startling. It shows that the shield reduces local 
transient voltages as much as 80 to 1 and that lightning 
failure in a non-shielded winding may occur anywhere 
in the winding depending upon the wave. In the 


shielded winding free from localized stresses under all . 


waves, breakdown is as definite as an insulator flashover. 
The above lightning tests are, of course, design tests and 
not intended for commercial testing. This follows 
because dismantling every transformer in the routine 
factory tests to detect. possible internal failures is 


impractical. However, the shield removes the necessity _ 


for lightning tests since the impulse distribution be- 
comes the same as that at 60 cycles. 

Briefly the reason for the varying distribution of volt- 
age in a non-shielded transformer is as follows: The 
initial lightning distribution is determined by the 
distribution of the capacity in the windings and the 60- 
eyele or long duration voltage distribution by induc- 
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tance. If the voltage distribution as determined by 
these factors is not the same an oscillation results until 
the distribution corresponds to that of the inductance. 
The shields make the capacity and inductance distri- 


_ bution correspond. The action of the capacity is 


instantaneous and there is no oscillation. 
Insulation ; 7 

The new lightning generator has made possible exten- 
sive research on solid and liquid insulation. Fig. 25 
gives a curve of typical results obtained. 


III. FIELD RESEARCH 


Considerable research work is being done with natural 
lightning. This work may be divided into two classes: 

(a) A study of lightning as it appears on trans- 
mission lines either by direct hits or induction. 

(b) A direct study of lightning strokes, the clouds 
producing them, and the effects of the strokes on rods, 


ete. 


Research on Transmission Lines: : 

During the past few years a number of the operating 
companies in collaboration with the manufacturing 
companies have obtained some very important measure- 
ments, particularly of lightning voltages on transmis- 
sion lines.®!0 .'These measurements were obtained with 


_. the klydonograph or surge voltage recorder connected 
-at various points along the transmission lines. 


(a) Voltage, polarity, wave shape, limitation of | 
voltage. The surge-voltage recorder measures the 
maximum of the wave and indicates the polarity. By 
comparing the insulator sparkover voltage resulting 


~ {mpulse ratio = Ratio of impulse breakdown to 
___Irapidly applied 60~ (crest). breakdown | 
| | | | | 


> 


Impulse ratio 


| GN ea I oon eS eel Opal? 
Duration of single inpulse(microsec.) 
F 1a. 25— LIGHTNING Voittace. Time STRENGTH OF SOLID 
INSULATION 


Typical curve—actual values will vary for different kinds of insulations 


from lightning with the 60-cycle sparkover voltage the — 
impulse ratio is obtained. The impulse ratio gives a 
good indication of the effective duration of the wave. 
The lightning voltages causing sparkover on trans- 
mission lines in various sections of the country give an 
impulse ratio of the order of two. Waves giving such 
ratios are shown in Figs. 8, 11,12. The maximum 
impulse ratio observed was approximately 2.8. 

In the many measurements made, the very low volt- 
ages, necessarily induced, were mostly positive, indicat- 
ing a negative cloud. Most of the excessively high 
voltages,—probably direct strokes,—were negative, also 
indicating negative clouds. A few high positive and 
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low negative voltage surges indicated that some clouds 
are probably positive. The general. indications were 
that the waves were non-oscillatory. 

Measurements on different lines in various parts of 
the country and on the 220-kv. lines of the Pennsyl- 
-vania Power & Light Company with 14 and 4 unit 
insulation show that the maximum lightning voltage 
on transmission lines is limited to the lightning spark- 
over of the insulators. Measured points are shown on 
the laboratory curve, Fig. 11. 

(b) Attenuation. PHEEESING surge voltage readings 


Renee oe Toke 


voltage divider = 


Oscillograph 
initiating circuit 


Fic. 26—Metuop EMPLOYED IN MrasurRING NATURAL 
LIGHTNING VOLTAGES 


of a given lightning wave traveling on transmission 

lines have shown how the waves attenuate or decrease 

in voltage. The attenuation or loss in voltage per mile 

was found to vary as the square of the crest voltage. 

Thus really high voltages cannot travel far. 

Measurement of Lightning Waves and Time Required 
for a Cloud to Discharge with the Cathode fay 
Oscillograph 


Mircroseconds 


Fig. 27—OscItLtoGRAM oF NaTURAL LIGHTNING MADE ON 
SHort Lines—PirrsFirtp 1928. Drawn Dortep LINES 
INDICATE APPROXIMATE F'RONTS 


A portable cathode ray oscillograph, of the Dufour 
type developed by Mr. Lee and his staff of the General 
Engineering Laboratory® of the General Electric Co., 
made possible during the past summer the measurement 
of wave shapes of actual lightning. In order to make 
proper use of the oscillograph, it was necessary to devise 
a means of establishing the cathode beam~and the 
. sweeping circuit and to have the complete set-up 
- eonnected to the line as the lightning wave reached it. 
With the equivalent “‘switching circuit’? developed for 


this, the complete operation was accomplished in about 
one microsecond—that is, one-millionth of a second, 
Part of the wave front would accordingly be lost unless 
special means were taken to prevent it. One way to 
accomplish this is to side track the wave around a loop 
about 1000 ft. long, requiring about one microsecond 
to travel it, and take it coming back. However, the 
results so far indicate that this refinement will usually 


not be necessary. The actuation of the oscillograph ig 
done by means of spark “switches” controlled by the 


lightning surge. Connection to the line was made by 
an insulator potentiometer. 

Measurements were made on short horizontal 
antennas and on actual transmission lines. The 
measurements of the antennas were made at Pittsfield 
while the transmission line measurements were made on 


the 220-kv. lines of the Pennsylvania Power & Light — 


Company in cooperation with their engineers. 

(a) Pittsfield measurements. In the Pittsfield mea- 
surements the antennas consisted of three parallel wires 
120 ft. long and 40 ft. above ground. The wires were 


LIGHTNING GENERATOR 
WA VE 


NATURAL LIGHTNING WAVE 


te o 30 
Tiitmme- Microseconds 


Fig. 28—ComPpaRISON oF NatTuRAL LIGHTNING WAVE 
MEASURED ON TRANSMISSION LINES wiTtH CaTHOpDE Ray 


OscILLOGRAPH WITH AN ARTIFICIAL LIGHTNING Wave MEa- 
SURED IN THE SAME Way 


grounded through a 2,000,000-ohm resistance'and con- 
nection to the oscillograph was made as in Fig. 26. 
With this arrangement the lines assume a. potential 
opposite to that of the cloud when the lightning dis- 
charge takes place. Since the charge cannot move 
along this short line, but must be dissipated by leakage, 


the potential of the conductors rises at a rate and to a_ 


magnitude dependent upon the collapse of the cloud 
field. The time for this. conductor voltage wave to 
reach maximum is thus a measure of the time required 


_ for the cloud to discharge. Fig. 27 shows two of the 
four antennas waves obtained. The wave fronts are 


of the order of one to two microseconds. The induced 
voltage crests on the antennas were from 50 to 75 kv. 
The storm clouds in each case were at least a mile away. 
Such wave measurements, indicative of actual cloud 


discharges, are very helpful in determining the shape of 


surges themselves on transmission lines. A mathe- 
matical analysis to correlate these field results with 
theory is now being undertaken. 

(b) Pennsyliania measurements. A very good wave 
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of natural lightning abEnined on “the 220-kv. line is 


- shown in Fig. 28.. The front of this wave practically 


reaches its maximum in 5 microseconds, deereases to 
half value in 20 microseconds, and reaches zero in 40 
microseconds. The oscillating ripple is apparently due 
to a local flashover" and is not really part of the original 
wave. A reproduction of this wave by the laboratory 
lightning generator is also shown in Fig. 28. The effects 
of the wave are very similar to the standard wave of Fig. 
7 and the impulse ratio for insulator sparkover corres- 


_ ponds to those determined by the surge recorder or 


klydonograph readings. This oscillographic study of 


lightning surges on actual lines is to be continued on a 
greater scale next year. | 


Study of Direct Strokes 

Fig. 29 is an illustration. of ae rAbthod used in study- 
ing the effects of direct strokes. Photographs showed 
certain office buildings struck. An examination was 
made to see if any of these hit fell within the protective 


- cone of other buildings as established by former labora- 


tory tests. It was found that they were in agreement 
with tests on models. 


Buildings A and B rotated to plane of 
Woolworth and Royal Buildings © 


Building 


“ 
i) 


Park Row Building 
Royal Insurance 


200 400 600 800 1000 ~—*1200 
Distance in feet : 
Fig. 29—LicautnineG STRIKING. BUILDING IN NEw YorK Crry— 


Protective Cone IS NOT VIOLATED—F' ROM PHOTOGRAPH 


1400-1600 


Estimated cloud height, 2800 ft. 


IV. LIGHTNING ON TRANSMISSION LINES AND 
APPARATUS ) 
A consideration of the foregoing in conjunction with 
former work shows that a fairly clear picture of what 
takes place during a thunder-storm is now available. 


It is reassuring that the large advances in research made | 


during the past year tend to confirm and clarify what 
had already been done. Because of this advance in 
research it seems desirable at this time to re-examine 
Present. transmission practise and see if changes are 
desirable. 

Voltage 


The available data still confirm ap rule that the 


Maximum induced voltage on a transmission line de- 


; 
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pends upon the height of the conductors above onoundee or 
V=hga 

Where V = - volts, h = average height of conductor 

in feet, and a depends upon rate of cloud discharge 

and the initial distribution of bound charge on the line. 

Calculations indicate that under the usual assumed 


‘bound charge conditions, an induced voltage wave high 


enough to cause insulator flashover can result only from 
a rapid collapse of the electrostatic field of the cloud. 
Accordingly this must involve a traveling wave of steep 
front or of short effective duration. With a slow rate — 
of discharge the bound charge has an opportunity to 
spread out over the line as it is released, thereby 
resulting in a lower voltage to ground. A steep wave 
front. would also occur with a surge imposed on a con- 
ductor by a direct stroke to it. This would 
also apply in case of a direct stroke to the tower 
or ground wire where the conductor did not be- 
come involved. From the lightning standpoint low 


towers with horizontal conductor spacings are desirable. 


The maximum voltage wave that can travel on the line 
and reach the apparatus is determined by the line 
insulation. The waves in practise are generally non- 
oscillatory and. have a wide variety of shapes. How- 
ever, the waves usually causing insulator sparkover give 
an impulse ratio of the order of two (2.0), and indicate 
an effective duration of 1 to 20 microseconds above the 
60-cycle flashover value. betas 
Loss in Voltage as the Lightning Wave Beers on the 
Line—Attenuation 

The distance’ that lightning can travel at high 
voltage on a transmission line is of extreme practical 
importance. The following table of data from the 
curve in Mr. Lewis’ paper’ bears this out. 


Distance of travel Distance of travel 


Lightning for reduction to 


for reduction to 
voltage kv. half voltage (mi.) 0.80 voltage (mi.) 
4000 186) ‘0.4 
3000 et 0.5 
2000 3.0 0.7 
1000 6.3 1.6 


For example, 4000 kv. is reduced to half voltage or 
2000 kv. in 1.5 miles. This indicates that the badly ° 
exposed section of a line normally insulated for 2000 kv. 
could be highly over-insulated without much danger of 
subjecting the normally insulated section to excessive 
voltages. It is only necessary to extend the highly 
insulated line several spans: beyond the exposed 
section. It also indicates that moderate reduction of 
insulation at a substation, for instance, should not 
appreciably increase the outages. For example, 2000 
kv. is reduced 20 per cent in traveling less than a mile 
and 50 per cent in three miles. Any outages within the 
reduced insulation section must be attributed to local 
storms and would not be due to line surges coming into. 
the station from outside normally or abnormally insu- 
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lated sections. Further data on the attenuation > 


factor on other lines are of course desirable. 
The Ground Wire 

Statistical data still confirm the value of the ground 
wire. These data indicate that outages due to insulator 
arc-overs are reduced from one-half to one-tenth or 


more after the installation of the ground wire. On one 


-990-kv. line the installation of the ground wire over 
two sections did not seem to have any decided effect 
on the lightning arc-over voltages. The reason for 
this seems to be that, because of the peculiar location 
of the line, the arc-overs are caused mostly by direct 
hits. Where the spans are long, where the ground 
wires are near the line conductors, or where the ground 
resistances are high, a direct stroke is likely to involve 
the line conductor. This suggests taking special 
precaution in design of towers, ground wires, or pro- 
tecting rods to prevent direct strokes side flashing to 
conductors where the lines are in badly exposed places 
and subject to direct hits. 

The laboratory tests point out that a very important 
function of the ground wire in reducing voltages is 
generally overlooked. The lightning corona loss is 
materially increased by ground wires which greatly 
limits voltage. The action is the same as on the grading 
shield in Fig. 21. : 

The surge impedance of the lines is reduced by the 
addition of ground wires. A reduction in the surge 
impedance reduces the voltage of traveling waves. 
It is thus important to bring all ground wires up to the 
steel bus structure or to the station. Extra ground 
wires extending about one-half mile from the station 
should be of great value for station protection. Volt- 
ages caused by local storms would be reduced and 
~ waves from distant storms would be lowered to harmless 
values by attenuation and reduction in surge impedance. 


Lightning Proof Transmission Lines and Coordination | 


of Transformer Insulation and Line Insulation 


It is interesting to consider again if a lightning proof 


transmission line is possible or practicable. It has 
been shown that the lightning voltage is independent 
of the operating voltage and depends upon the height 
of the line; that the ground wire greatly reduces the 


lightning voltages; and that the lightning flashover | 


Voltage of insulation and the breakdown voltage of 
apparatus is known. A consideration of these factors 
shows that a line of moderate height, protected with 
ground wires and properly insulated, could usually be 
made lightning proof against induced voltages at a 
reasonable cost. This comparison is made by cal- 
culating the maximum induced voltage from the 
formulas given above, making proper allowance for 
the ground wire, and using insulator strength in excess 
of these values as determined by Figs.-11 and 12. 
~ In order to make a line immune from direct strokes the 
necessity of ground wires above the line is almost ob- 
vious because, no matter what the insulation, the 
~ limit will be the sparking distance from line to ground. 
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With ground wires the stroke would usually take place a 
to the wires and then along the wires to the tower, 
preventing insulation arc-over. However, where the _ 
line is badly exposed to direct strokes special precaution _ 
should be taken in the design of the tower so that side __ 


flashes are not likely to take place to the conductor, 


‘Rods might be used and special precautions taken as 4 


to length of span, ground resistance, distance from 


conductor to ground wire, ete. Extra ground wires . 


in sections may be necessary to assure immunity against 


- direct strokes. 


The limit of the voltage in any line is the lightning 
flashover voltage of the insulator. Itis very important, 
therefore, when designing a system, so to proportion the 


insulation that the transformer lightning breakdown. 


voltage is higher than the lightning breakdown voltage 
of the line insulators in the vicinity of the station." It 
is obviously not good engineering to make the trans- 
former the weakest link in the insulation chain. The 
insulators on the rest of the line may be as strong as 
desired. : 


Elevation 
+ 
+ 
+ 
++ 


ee OO 15 100 
Distance along line-miles We 


Fig. 30—DIsTRIBUTION OF FLASHOVERS ALONG A 
; TRANSMISSION LINE - 


+= Insulator flashovers 


The grading shield is as important to the insulator 
string as the ground wire is to the line. It not only 
reduces the maximum stress but increases the arc-over 
voltage and causes the arc to clear the string. The — 
horn and similar arcing devices cannot cause the are 
to clear without a serious reduction of the flashover — 


voltage. 


In addition to the above factors, the location of the : 
line is very important. See Fig. 30, which suggests — 


extra insulators and ground wires on: the expos 


sections. The ideal line would thus be as low in height 


as practicable, be protected by one or more groun 
wires, and be well insulated with insulators protected 


by grading shields. The transformer -nsulation should q 
be somewhat stronger than the bushing flashover 
voltage, which in turn should be higher than the i 


flashover voltage of the insulators in the immediate 


vicinity of the line. By immediate vicinity 1s meant q 
that the coordinated insulation should start within | 
out at least : 
one-half mile. As pointed out above, such arransy = 


ment of the insulation should not increase outages” 
be added of j . 


75 ft. of the apparatus and preferably extend 


As a precaution, extra ground wires may i 
the coordinated section to provide against lo 
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turbances. With extra ground wires the lightning 
voltages can be reduced in proportion to the insulator 
strength. This coordination of insulation has been 
in effect now for several years on one system with 
results as anticipated. It is not intended to take the 
place of the lightning arrester, however, for good light- 
ning arresters are to be recommended as in the past. 


V. SUMMARY OF CHARACTERISTICS OF LIGHTNING 
Voltage — order of 100,000,000 
Current — order of 100,000 amperes 
Energy — order of 4 kw-hr. 
Power -— order of thousand billion hp.: 
Time — order of a few microseconds 
Gradient at breakdown 100 kv /ft. 
Time for cloud to discharge from one to ten micro- 
seconds. cr ; 
Discharge generally non-oscillatory. Total energy 
dissipated in world by lightning 1,200,000 kw. con- 
tinuously. (Very approximate. ) 
Lightning on Lines , 
High-voltage waves of few microseconds front and 
effective duration of 1 to 20 microseconds. | 
Low-voltage waves of much greater. duration. 
Voltage either by induction or direct strokes. 
Current in line for high voltage 2000 to 5000 amperes. 
Voltages non-oscillatory. Attenuation very rapid 


__ for higher voltages. 


Breakdown voltages higher than 60-cycle and impulse 
ratio for average high voltages, two. | | 

Voltage increased. directly as height of line—usual 
ground wires reduce ‘to about one-half. Maximum. 


_ voltage V = g wh but limited by lightning arc-over of 


insulator. | 
Transformer insulation should be stronger than 


adjacent line insulation. 


Approximate lightning proof line seems feasible. 
Laboratory—Voltages higher than ever observed on 


_ lines have been obtained and design tests made on full 
_ §lze apparatus. 
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Streamer Currents in High Voltage Sparkover 


J. SLEPIAN and J. J. T OROK 
Research Dept., 


Westinghouse Electric & Mfg. Co. 


N case of a high voltage discharge in air it has been 
shown! that even with fairly uniform fields, as be- 
tween large spheres, complete breakdown in spark- 

over is preceded by the formation of highly luminous 
streamers, which do not completely span the space be- 
tween the electrodes. Apparently complete breakdown 
does not occur until a streamer completely bridges 


E 


studied photographically by causing the discharge to be 
interrupted before the streamers had developed into a 
complete breakdown. This was accomplished by shunt- 
ing the discharge path by a sphere gap in series with 


a short length of line. The short length of line caused 


a delay in the short-circuiting action of the sphere gap, 
and thus permitted the streamers in the discharge path 


FIG. I—-DIFFERENT STAGES OF STREAMER FORMATION BETWEEN SPHERES 


Chopping Current. Current 
Voltage Positive Upper Lower 
Kilovolts: Sphere. Sphere Sphere 
A 600 upper 1450 1040 
B 600 -lower 1350 tag 
€ 960 upper 2130 3640 
D 990 lower 2130 3770 


Chopping Current Current 
Voltage Positive Upper Lower 
Kilovolts Sphere Sphere Sphere 
E 1120: upper 2670 4060 
IIIO lower 2640 4320 
Git) 1260 upper 3390 4200 
H 1260 lower 3160 4360 


across the electrodes. This streamer formation seems 
to be at variance with the classical Townsend theory 
of sparkover’. | 

This steamer formation preceding: breakdown 
was discovered at the high-voltage laboratory and 


J. J. Torok, Trans. A.I.E.E. 47, p. 349, 1928. 
*Electricity in Gases. Oxford, 1915. 


under study to develop up to the time when the sphere 
gap short-circuited and removed the voltage on the dis- 
charge path. By varying the setting of the sphere gaP 


it was possible to arrest the streamer formation at any . 


n the 


point, and thus to study in detail what goes on 1 
plete 


fraction of a micro-second just preceding com 
breakdown. The adjustable shunting sphere gap was 
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called the “chopping gap”. a 

It had previously been pointed out® that the spark 
lag or time for break down at atmospheric pressure 
is much too small to be accounted for by the Townsend 
theory. Also Loeb had pointed out* that the ionizing 
power § of the positive ion under the observed break- 
down gradients at atmospheric pressures, was too small 
to be compatible with the Townsend theory. He sug- 


gested that space charges develop between the elec- 


rents building up the space charge might be comparable 
with, or even much larger than the capacity charging 
current of the spark gap electrodes. 

It has been suggested® that high temperatures with 
thermal ionization might be produced in the path of an 
ionizing electron or.ion in its single passage across the 
spark gap. In this way the formation of streamers 
might be explained, and breakdown times of the order 


of 10-7 seconds would be predicted. On. this theory 


FIG. 2—DIFFERENT STAGES OF STREAMER FORMATION BETWEEN A HEMISPHERE AND A GROUND PLATE, SEPARATION II3 CM 


Chopping Ground 
Voltage Hemisphere Hemisphere Plate 
Kilovolts Polarity Current Current 
700 Positive 380 240 
B 1120 Positive 960 780 
© 1290 Positive 1500 1160 


trodes, before the formation of the actual spark, thus 
Taising the electric gradient in some portions of. the 
field and in that way increasing the ionizing power 8 
of the positive ion. Loeb’s theory requires 10~* second 
for the development of the spark, which is much too 
long. According to this theory, however, the ionic cur 


=e 


*Rogowski, Archiv. f. Elektrotech. XVI, 1926, p. 406. 
‘L. B. Loeb, Jour. Franklin Inst. 205, p. 305,, 1928. 


Chopping | Ground 
Voltage Hemisphere | Hemisphere Plate 
Kilovolts Polarity. Current Current 
D 1200 Negative 700 780 
E 1370 Negative 980 1040 
F I510 Negative 1100 1280 


also space charges would form, namely the charges on 
the bounding surfaces of the growing streamers, and 
if these streamers grow rapidly, the ionic currents cor- | 
responding to these charges might be many times the 
capacity charging current of the spark-gap electrodes. 
These ionic currents would, of course, mostly flow 
through the streamers. : : 


J. Slepian, Elec. World oI, p. 761, 1928. 
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In order to clear up the points raised above, it 
seemed desirable to obtain more information as to the 
growth of the streamers during the development of a 
high-voltage sparkover. A series of pictures showing 
the growth of the streamers from their first appear- 
ance up to the point where they spanned the spark gap, 
seemed particularly desirable. Also a determination of 


ex 


HIGH VOLTAGE SPARKOVER : ee 


In series with each electrode of the test gap C was a 
zircon resistor R of 50 ohms. These zircon resistors. 
show remarkable constancy in their properties under. 
surges’. The maximum voltages appearing across the 
resistors R were measured by 6.25 cm. diameter sphere 
gaps; D andif: | 

Two types of test gap were used. One was a spark 


; . A FLAT PLATE, SEPARATION 30.5 CM 
FIG. 3—DIFFERENT STAGES OF STREAMER FORMATION BETWEEN A HEMISPHERE AND : 30.5 


Choppin; Ground 

Volee: Hemisphere Hemisphere Plate 

Kilovolts Polarity Current | Current 
A 160 Positive 115 80 
B 470 Positive 435 400 


the current flowing into the spark-gap electrodes at the 
various stages of the formation of the spark would be 
worth while. Accordingly the following series of ex- 
periments was carried out. 


APPARATUS 


The tests were carried out at the Trafford High. 


Voltage Laboratory. The source of voltage applied 
to the spark gaps under test was a 2 000 000 volt surge 
set marked A in Fig. 4, which has been described else- 
where®. The wave shape of the surge melas would be 


Reber 


Chopping 3 Ground 
Voltage Hemisphere Hemisphere Plate 
Kilovolts Polarity Current . Current 
C 495 Positive 680 630 
eee B) 495 Complete Sparkover 


gap of two 75 cm. diameter spheres. The other was 
a 50 cm. diameter hemisphere opposite a large flat plate. 
The tests could be made with either polarity from the 
surge generator. 


TEST PRO CEDURE 


With a given setting of the test gap C the chop- 
ping gap B was opened until a complete discharge took 
place across the test gap. Then the chopping gap was 
slowly closed until a suppressed discharge appeared 

across the test gap. Under these 
conditions complete breakdown oc- 
curred at the chopping gap, but 
due to the time required for this 
breakdown, high voltage would be 
on the test gap long enough to 
start the breakdown process in it, 
but not long enough to complete it. 
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rents in the resistors R again obtained. This proce- 

dure was continued until no visible eee appeared 
in the test gap. : 
TEST RESULTS | Hh 

The test results are summarized in the curves of 

Figs. 6 and 7. The points shown are those obtained 

from the tests. The series of photographs of Figs. 1 


* Current to Upper Sphere when Positive 
© Current to Lower Sphere when Negative 
+ Current to Uppér Sphere when Negative 
. Current to Lower Sphere when 

Positive: : 
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Kilovolts : 
FIG. 6—THE CURRENTS IN THE SUPPRESSED. DISCHARGES ACROSS 
THE 75 CM GAP BETWEEN 50 CM DIAMETER SPHERES 


2 and 3 show the suppressed discharges - which were 


obtained. . 
The indications of the measuring gaps D and E 
give the maximum current which flows in the corre- 


sponding resistors R. They give, therefore, either the © 
maximum capacity charging current, or the ionic. 


streamer current, depending on which is larger, since 
it is probable that the maximum charging current and 


maximum streamer current do not occur at. the same 


time. The maximum charging current probably occurs 
during the last stage of the breakdown of the chopping 
gap, because then the voltage across the gaps is chang- 
ing much more ‘rapidly than in the ascending portion 
of the surge voltage wave. It is then really a Capacity 
discharge of the test gap through the spark in the 


chopping gap. The streamer current, however, is of | 


opposite polarity and has its maximum just before the 
capacity discharge. 

‘This capacity discharge current will: occur, of 
course, even in the absence of the streamer currents 
in the test gap, but it must. not be expected that it 
will be proportional to the chopping gap. voltage set- 
ting. This is not merely due to the fact that the capac- 


ity of the chopping gap is changed with each change 


in its setting, but also because the time of breakdown 


of the chopping gap varies with its setting. 


We may expect then that the curves of maximum 


_ The two parts of the curve are clearly evident 
in Fig. 6. In the first part of thé curve the current. 
taken by the upper sphere is larger than that taken by 
the lower sphere, which is what is to be expected for 
charging currents, since the lower sphere is grounded. 
In the other part of the curve, which presumably shows 
‘the streamer current, the current taken by the lower 
sphere is the greater. This is surprising because the 
field is initially much more intense at the upper sphere, 
_So that streathers or intense ionization would be ex- 
pected to occur there first, and therefore give a space - 
charge of the same polarity.as the upper electrode. 

The curves for the two polarities of surge, in the 
case of the sphere gap, Fig. 6, were so nearly alike 
that it did not seem worth while to.attempt to distin- 
guish between them. This is very surprising, because 
the photographs of the suppressed discharges, Fig., 1. 
are very different for the two polarities of surge. 

The break i in the curve for the lower sphere, Fig. 
6, occurs at a voltage setting which checks well with 
the point where suppressed discharges began in ‘Fig. 1:. 

The currents obtained with the 50 cm. diameter 
hemisphere and the ground plate are given in Fig. 7. 
The dotted curves are believed to be the capacity charg- 
ing currents. As was to be expected, the streamer cur- 
rent set in at a lower voltage for shorter settings of 
the test gap. It seems likely that for the 144 cm. set- 
ting of the test gap the break in the curve was not 
reached. Here the two polarities of surge give differ- 
ent streamer currents, as is seen from the data obtained 
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FIG. 7—-THE CURRENTS IN SUPPRESSED DISCHARGES BETWEEN A 
50 CM DIAMETER SPHERE AND: A GROUND PLATE Y 


with the 110 cm. test gap setting. Apparently the 
streamer current was always larger for that. electrode 
which was positive. 3 


THE BREAKDOWN OF ‘SPARKGAPS 


The experiments indicate that in the course of 
breakdown of a spark gap, even while some portions of 
the gap are still dark or only faintly luminous, and 


A photograph. was obtained of this 
suppressed discharge. Keeping the 


current in the resistors R against voltage ‘setting of the while the gap is still able to withhold high voltage with 


= 02 04 06 08 10 


FIG. 4—-THE CIRCUIT USED IN MAKING THE HIGH VOLTAGE SPARK- x10” Seconds setting of the chopping and test chopping gap will have breaks separating them into the passage of only finite current, ionic currents of 
OVER TESTS FIG. _ 5APPROXI- gaps the same, the measuring gap two parts. The first part will be for the smaller set- hundreds or even thousands of amperes may flow. 


: | i MATE SHAPE OF age ‘ion D F wis cece 

applied by it to the test apparatus was approximately THE SURGE WAVE! ( NeTNE Posten 2 Ot fae 

f the form shown in Fig. 5. USED IN THE TESTS until light first appeared in it, and | 
: Th ltavet wana lied = ‘the gap under from its setting, the maximum current in the resistor 
tee in Fie. 1 Ce bs vatallel ‘chopming gap” B R was obtained. The chopping gap was then closed a 


which consisted of 150 cm. diameter spheres. The line little more, giving a suppressed discharge on the test 


; i : d a photo- 
«Wee 400 cm. long. 8P at an earlier stage of development, and 
jOmMin ep encoe ea ad Step ee ee an : graph of the discharge and measurements of the cut- 


6F-), F. Miner, ELEcTRIC JoURNAL 24, p. 287, 1927. 
_P. H. McAuley, Elec. World 92, p. 205, 1928. 


tings of the chopping gap, where the charging current Currents of such magnitude will react strongly upon 

1s greater than the streamer current, and it will indi- any practical circuit which is supplying voltage to the _ 
cate how the rapidity of breakdown of the chopping spark gap. It follows then that the manner of break 
Sap varied with its setting. The second part will be down of a spark gap will vary with the circuit in which 
for the larger settings of the chopping gap, where the it is placed. For example we may expect that the time 
Streamer current is larger than the charging current, for complete breakdown will be much less in a circuit 
and it will indicate how the streamer current of the capable of giving large current quickly, than in a cir- 
test gap varied with the setting of the chopping gap. cuit in which the current is limited. 


"E. W. Beck, Execrric JouRNAL. 25, p. 157, 1928. 
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Ungrounded vs Grounded Neutral Systems 
From the Standpoint of Lightning Protection 


EDWARD BECK 


Lightning Arrester Engineer, 
Westinghouse Electric & Mfg.-Co. 


disturbances is the arcing ground, a high fre- 

quency oscillatory discharge between the line 
and ground. It is likely to occur when one phase of a 
transmission line flashes over to ground. Severe os- 
-cillatory voltages then appear on the other phases of 
the line.* Briefly stated, 7 
these voltages are caused 
by the negative resistance 
characteristic of arcs, in 
combination with the fact 
that the current passing 
through the arcing ground 
is a capacity current and 
therefore 90 degrees out 
of phase with the voltage. 
Hence, when the current 
approaches zero and the 
arc goes out, the voltage 
on the lines is close to its | 
maximum. This leaves a charge trapped on the system 
when the arc extinguishes. When the arc restrikes 
at a peak of the voltage wave, it discharges the con- 
denser formed by the lines and the earth. High fre- 
quency oscillations are generated which may reach 
several times the normal voltage between lines and 
ground. According to Peters’ and Slepian’s theory, the 
voltage induced by arcing grounds may reach 3.9 
times the normal phase to neutral voltage on undér- 
grounded systems. 


In actual practice, such voltages have been reg- 
istered by klydonographs. An example is shown in 
Fig. 1. Usually the arcing ground voltages are not so 
high as in this example, but they are ordinarily ap- 


A be most serious of transmission system voltage 


systems. 


pteciably higher than the normal operating voltage. i 


The duration of these voltages is great compared to 
the length of a lightning transient. They may last 
for a fraction of a second or for several minutes. In 
Fig. 2 is shown an arcing ground disturbance on an 
actual transmission line which continues for some 
time at 3.1 and 2.3 times the normal voltage. Fig. 3 
shows voltages of 1.6 times normal, indicating” a 
grounded phase which endured for many hours with 
occasional higher arcing ground voltages. 

On ungrounded systems, then, the lightning ar- 
resters normally applied may be discharged for a 


comparatively long time by these disturbances. A. 


lightning arrester, as we know it today, is an econom- 


*The theory of arcing grounds is discussed by Peters & 
Slepian in the Journal of the A.I.E.E. for August, 1923, in 
a paper on “Voltages Induced by Arcing Grounds”. 


Grounded transmission systems can be | 
given more efficient lighting protection 
than ungrounded ones. The line to ground stself. 
potentials of the latter may be very un- 
stable. In grounded systems these are 
fixed through the neutral point and their 
value is definitely known. Therefore, 
lightning arresters of the minimum rating 
may be applied to grounded lines with 
assurance. This is not so with free neutral 


ically practicable device Gea to operate for ex. 


tremely short periods of time only. No lightning 
arrester has sufficient thermal capacity to. dissipate 
large amounts of energy; in other words, to pass 
heavy currents for appreciable periods of time. A 


lightning arrester will pass thousands of amperes for — 


a few millionths of a sec- 
ond, but it will not carry 
many amperes for several 
seconds without injury to 


Lightning transients may 


flow, but they do not last 
long. To illustrate, imagine 
a transient 18.6 miles long, 
‘an imaginary figure prob- 
ably much larger than 
actually occurs. This tran- 
sient would pass a given 


point in 18.6 -- 186000 or 100 X 10° seconds. 


Let us also suppose that this transient would dis- 
charge through an arrester a current which is con- 
stant for the duration of the transient (also an 
exaggeration) and that this current is 2000 amperes. 


The arrester would then discharge a quantity of 2000 


< 100 X 10°* or 0.2 ampere-seconds. An ampere 
flowing for only 0.2 seconds represents the same 
quantity. Thus it is apparent that several amperes 


flowing for a second or more may easily cause a pet-_ 


manent injury to the arrester, or at least a decided 
change in characteristics. The discharge of an arcing 
ground disturbance will load a normal arrester with 
considerably more than this, and destruction of the 
device may be expected. 

Systems operating with isolated neutrals, there- 
fore, present a special problem as far.as lightning pro- 
tection is concerned. There are five possible courses 
of action which may be taken in the application of 
lightning arresters to ungrounded systems. 

The first and most desirable is to ground the 
neutral, 

An alternative is to equip the system ait arcing 
ground suppressors. This practice is followed in 
Europe, but it adds expensive equipment to the 
system. | 

A third possibility is to apply normal arresters 
rated at the phase voltage of the system. This will 
insure the maximum degree of lightning protection. 
However, occasional arrester failures will be en- 
countered under this method of application, because 


4ag 


cause large currents to 
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if arcing grounds of sufficient severity to discharge 
the arresters occur, the arrester through which the 
disturbance passes off will probably bé destroyed or 
its characteristics so changed that its protective value 
.is diminished. 


A fourth possiDUity, is to Bal arresters of the 


FIG. I—KLYDONOGRAM SHOWING ARCING GROUNDS -ON A THREE-PHASE SYSTEM 


next higher rating. In this way arrester failures will 
be reduced to a minimum because the prevalent mag- 
nitudes of arcing ground disturbances will not cause 
them to operate. However, this 
kind of application sacrifices pro- 
tection to a considerable extent. 


A fifth alternative, not as ex- 
treme as the one just mentioned, is 
to apply a lightning arrester of the 
normal rating but whose series gap 
Aas been lengthened so that the dis- 
charge voltage of the arrester is in- 
creased to such a value that ones 
tion on arcing ground voltages i 
reduced to a _ remote possibility, 
This also sacrifices protection but 
not to such a great extent as the 
application of arresters of higher 
rating. There still exists the pos- 
sibility of arrester failure, although 
it is remote, for if a lightning dis- - 
turbance should occur while an arc- 
ing ground is in progress, the light- 
ning discharge will cause the ar- | 
rester to operate permitting the arcing Sounds to pass 
through it and perhaps injure it. 


It is the author’s opinion that the third Aiceaas 
tive is the best for the protection of the system if it 
is impracticable to ground the neutral. Occasional 
lightning arrester failures will no doubt occur, but if 
this method of application is used, the maximum de- 
gree of protection is assured. Not only will the con- 
nected apparatus be given the most efficient protec- 
tion against lightning, but it will be at least partly 
guarded (until the arrester fails) against dangerous 


PROTECTION 


arcing ground voltages which themselves may cause 
. damage to the apparatus. Lightning arresters should 
be regarded in the light of insurance. ‘They are used 
to safeguard valuable apparatus against failure by — 
overvoltages. The money invested in lightning ar- 
resters is the premium paid for this insurance. An 
isolated neutral system is a greater 
risk than one which is grounded. 
Therefore the premium is higher 
for the same degree of protection. 
Occasional lightning arrester fail- 
- ures represent the extra premium 
- and the cost of replacing destroyed 
| arresters is small in comparison to— 
the expense of an apparatus failure. 

If the beneficiary desires insurance — 
for an ungrounded system at the 

same premium paid for a grounded 

system, the degree of protection of» 
which he is assured is less. because 
, the risk is greater. -To avoid an 
increased premium, it is feasible to 
apply lightning arresters which are 

so adjusted that they will not fail under arcing ground 
disturbances because they will not respond to them. 
- With these, the protection given to other apparatus is 


FIG. 2—KLYDONOGRAM SHOWING SUSTAINED OVERVOLTAGES TO GROUND ON A THREE- 
PHASE, 66 KV SYSTEM 


decreased. 


DISTURBANCES INDUCED BY OTHER LINES 

Under certain circumstances, a grounded system 
presents another advantage over an ungrounded one. 
Sometimes a high voltage and a low voltage line are 
run on the same poles. Under these conditions, the 
lines mutually influence each other. The influence of 
the low upon the high-voltage line is inconsequential, 
but the reverse condition must receive consideration. 
If the high-voltage line is operating normally, it ex- 
erts little or no effect upon the other, because its 
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electrostatic and electromagnetic fields are nearly 
balanced. ‘Therefore, the resultant fields with respect 
to the earth are negligible and exert no appreciable 
influence on the low-voltage line. If, however, the 
high-voltage line is unbalanced, that is, if one phase 
should become grounded, the resultant fields are no 
longer negligible and may become more or less in- 
tense, ‘This will induce voltages on the low-voltage 
line with respect to the earth which exist for the dur- 
ation of the fault on the high-voltage line. If the low- 
voltage line is operated with its neutral grounded, the 
induced voltages will drain through the transformer 
windings to the earth. If the line is ungrounded, the 
induced voltages may become sufficiently great to 
discharge the arresters on the low-tension line and 
cause them to fail if the induction lasts for any length 
of time, unless these arresters are so made that they 
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he transient voltage which an arrester permits 
across its terminals is a function of its voltage rating. © 
If the arrester A has a rating of 80 percent of that of 
B, the protection given by 4 is 25 percent beter than 
that afforded by B. Consequently, where it is-safe to 
do so, the application of reduced rating arresters. is 
advantageous. Where graded insulation is used in 
transformers, as is the case in those designed for 
solidly-grounded operation, this advantage ; is im- 
portant. When the transformers are insulated for 
full-phase voltage, it is less advantageous but still 
desirable. 3 ee 
In applying arresters cf reduced rating, care 
must be exercised. It is safe to apply them only at 
those locations where voltage displacement is not 
likely. Otherwise, if a ground fault occurs on: the 
system, the potential of the arrester ground may be 
sufficiently displaced from the system netural to in- 
vite failure of an arrester of reduced rating. At loca- 
tions where the neutral ground may be cut off by 
switching operations, the arrester is temporarily on 
an ungrounded line. This produces a dangerous situ- 
ation for a reduced rating arrester. ‘The matter again 
boils down to the question whether increased protec- 
tion or increased possibility of arrester failure is of 
greater moment to the operators of the system. 
On four-wire distribution systems where the 
neutral is grounded and the neutral wire is carried out 
to the distribution transformers it is common practice 
to use arresters of reduced rating. If the neutral wire 
is grounded at frequent intervals no risk of arrester 
failure is involved in this practice. Where the neutral 
1S erounded only at the source of the distribution sys- 
tem, the line to ground potentials may become displaced 
at remote points, and there exists a possibility of 
arrester failure unless the arresters are applied between 
the phase and neutral wires. | 
For four-wire systems whose neutral is grounded 


FIG. 3-—KLYDONOGRAM SHOWING A LONG CONTINUED GROUNDED Ooi. at the source, two methods of arrester application 


PHASE ON A THREE-PHASE, 6600 VOLT LINE 


will not discharge on these induced voltages, which | 
again entails a sacrifice of protection. It is desirable 
that those lines which are exposed to induction from 
higher voltage lines be operated with the neutral 
grounded. It is recommended further that the high- 
voltage line’ be grounded also, because an arcing 
ground disturbance on the high-voltage line will in- 
duce a similar voltage on the low-tension line, which 


is then dangerous to the arresters or the apparatus. 


INCREASED PROTECTION FOR GROUNDED SYSTEMS 


es system whose neutral is solidly grounded pos- 
sesses still another advantage over one with free 
neutral. If the neutral grounds are ,at the power 


source or through transformers of large capacity, the 


line to ground voltage cannot much exceed the. line 
to neutral voltage. At.certain locations 1t 1s thus 
BOM ata Apt : | ating is less than 
ossible to apply arresters whose rating 1S, est 
the full phase voltage of the system. This permits a tion realized by installing arresters of re 


decided gain in protection. 


ee in use One “is as indicated:vin Figoi4. Here 
arresters of reduced rating A are applied between 
phase and neutral wires, and an additional arrester B 
is applied between the neutral and the earth. Where 


the neutral wire is earthed only at the substation. 


lightning disturbances may occur on it at other pee 
necessitating relief by means of lightning arresters ‘ 
damage to transformers and other apparatus is to be 


avoided. It is remotely possible that the neutral ground . 


potential may be so unbalanced by fault conditions at 
» location remote from the neutral ground that the 
voltage between the neutral wire and the earth may 
reach the full phase-to-neutral voltage of the. system: 
If at were desired to take care of such a contingency, 
‘+ would be necessary to install at B an arrestet rated 
at the phase-to-neutral voltage of the system ; other: 
wise arrester B might fail. , However,. the. installation 
of such.an arrester would nullify the gain in protec: 


at A. The chances of full voltage appearing acros® 
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are remote. Hence, it is the usual and recommended 
practice. to install so-called neutral arresters at B. 
These are merely spark gaps of low breakdown volt- 
age. They serve to relieve the neutral wire of surge 
voltages. If the neutral voltage becomes displaced 
from ground, the neutral arrester may fail because of 
continued arcing, but it is an inexpensive device easily 


FIG. 4—ONE METHOD OF CONNECTING LIGHTNING ARRESTERS TO A 
FOUR-WIRE GROUNDED SYSTEM 

replaced; the additional protection obtained is worth 
the risk of an occasional failure. He 

The use of spark-gap arresters at B is recom- 
mended for four-wire systems up to and including 
2300/4000 volts. For four-wire systems operating at 
higher voltages, arresters of lower voltage rating, for 
example 750 volts, are recommended, as the voltage by 
which the neutral may become displaced from ground 
become greater. | : | 

A second method is indicated in Fig. 5, where the 
arresters of reduced rating are applied between the 
phase wires and the earth instead of between phase 
wires and neutral. A neutral arrester is again used 
at B. Here the risk of failure of A is increased be- 


cause of possible displacement of the neutral voltage © 


from earth, but the degree of protection afforded the 
connected apparatus is greater than that in the first 
method, because the arresters are connected directly to 


earth. In the scheme shown in Fig. 4, the protection 


is reduced by the amount of voltage it takes to dis- 
charge B, whereas in Fig. 5, B is not interposed be- 
tween the arresters and the earth. | 
Here again the questions of protection and of 
probability of arrester failure must be weighed against 
cach other. One plan provides increased insurance at 


FIG. 5—A METHOD OF CONNECTING LIGHTNING ARRESTERS TO A 
FOUR-WIRE GROUNDED SYSTEM 


In which the arresters are inserted between the 
phase wires and the earth. 


a slightly higher premium represented by infrequent 
arrester failures. The other provides a lesser degree 
of insurance at a reduced premium, because the chances 
of arrester failure are more or less limited to destruc- 
tion of B; which is inexpensive. shag 

At those locations where the neutral wire’ is 
grounded, the neutral arrester is dispensed with and 
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therefore the best degree of protection is secured, to- 
gether with the minimum risk of arrester failure. 

-A method of protecting distribution transformers 
which appeals to the author is that shown in Fig. 6. 
Here, an arrester of reduced rating is applied between 
the phase and neutral wire, a neutral arrester is used 
between neutral and ground, and the transformer case 
is grounded by tieing it to the arrester ground. This 
secures the maximum protection for the transformer, 
because the arresters are shunted around the insulation 
to be protected, namely, the transformer bushings and 
the winding insulation. The resistance of the arrester 
ground then plays no. part in the performance of the — 
arrester, because the transformer case will be at the 
same potential as the ground terminal of the arresters. 

If it is desired to isolate the transformer case from 
the earth for the sake of safety to linemen, a cut-out 
may be interposed between the transformer case and 
‘the arrester ground connection. Linemen can then 
open. this connection before starting to work on the | 
transformer. : nS NORTE 

It has been pointed out that in certain cases in- ~ 
creased protection may be obtained at the risk of occa- 
sional arrester failures. The question may be raised | 
as to the possibilities of. an arrester failure placing a 
short-circuit on the system, putting it out of service. 


— y 


FIG. 6—A METHOD OF PROTECTING DISTRIBUTION. TRANSFORMERS 


until the faulty arrester is located and removed. With 

distribution arresters of the latest design. this possi-— 
bility is remote, because the most up-to-date arresters 
are equipped with circuit clearing features. , 

i Service experience with lightning arresters sheds 

considerable light on the pro and con of grounded and 

ungrounded systems. Over 90 percent of the damage- 
done to lightning arresters has occurred on free neutral - 
systems. This fact alone indicates that the protection 


of systems operating with isolated neutrals is more — 


complicated than the application of lightning arresters 
to grounded neutral systems. “ft 

It appears that from the protective standpoint, — 
grounded systems possess many advantages over those 
that are ungrounded; whereas the latter cannot point 
to one quality in which it excels. Arcing ground volt- 
ages between line and earth do not appear on grounded 
systems unless the system is of great extent and the 
path from line to ground is of high impedance. Thus 
the chief hazard to arresters is removed. Moreover, 


grounded systems allow the use of arresters of reduced 


rating in certain instances, thereby permitting a con- 
siderable improvement in protection. 
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for the most part this paper 1s a discussion of the 

y insulator flashover. The breakdown of air between 

with particular consideration of the effect of various 

upon the flashover characteristics of insulator strings 

sped with arcing rings, is discussed. It is shown that critical 
mensions and spacings of arcing rings exist for a given insulator 
string. If the arcing rings are designed to lie on the safe side of 


BOs 


INTRODUCTION 

RANSIENT voltages on transmission lines com- 
monly are attributed to three sources: switching, 
induction from cloud fields, and direct lightning 
strokes. The most troublesome surges are the last 
two classes.| These surge potentials often exceed the 
‘nsulation value of the line and a flashover follows. 
The surge flashover forms an. ionized path which is 
highly conducting, and a short circuit on the energized 
transmission line results. The subsequent interruption 
may last. for only a few seconds. But, if the power 
short circuit current shatters an insulator, the line may 
be out of service for several hours, an occurrence which 
it is extremely desirable to avoid. Because the power 
eurrent will naturally follow the path established 
by the surge, a thorough study of the nature of surge 
fashover is involved directly in the problem of pre- 

venting insulator shattering. 


WAVE SHAPES AND SPECIFICATIONS 


First, however, some attention will be given to the 
specification and classification of impulse voltages. 
The waves produced by prevailing types of lightning or 
surge generators can be analyzed when divided into 
two parts, the front of the wave in which the voltage 


rises from zero to the crest value, and the back or tail - 


which is the part beyond the erest. — 

A wave often is defined by merely giving the constants 
of the circuit and the time to reach crest value. This 
is improper for three reasons: 1; The calculated wave 
form may be incorrect because of the variable resistance 
of the sparks closing the circuit; 2, Leads and test ap- 
paratus may cause distortion; 3, The crest value is not 
stated. It is particularly essential that the crest value 
be given in the aboye form of specification, since two 

‘ similar waves having different crest values will have 
fronts of different steepnesses although they may reach 
their respective crests in the same total time. Because 
of the lack of a standard specification, where flashover 
tests are involved the authors have been defining the 
wave front in terms of the average rate of voltage rise 


*Westinghouse Elec. & Mfg. Co., Hast Pittsburgh, Pa. | 

1. For numbered references see Bibliography. 

Presented at the Regional Meeting of the Southern District of the 
A. I. E. E., Atlanta, Ga., Oct. 29-31, 1928. 
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this critical point, cascading flashovers will not occur. .. If the arcing 


W. RAMBERG* | 


Non-member » 


ring dimensions are below the critical values, cascading may or may 
not occur depending upon the nature of the applied voltage wave 
Data from tests, which determined the limiteng physical dimensions 


of arcing rings that will prevent cascading under all types of im- — 


pressed voltages, are presented. 
; oe * * % bd 


of the “active portion,” in kilovolts per microsecond. 
By “active portion” ig meant the part of the wave 
between the 60-cycle crest flashover voltage and the 
surge flashover voltage for the particular wave con- 
sidered. This is illustrated in Fig. 1. Assume that an 
insulator has a 60-cycle crest fiashover voltage corre- 
sponding to point A on the wave and that flashover 
occurs at point B when this particular wave is im- 
pressed. No surge with a crest value below A will 
cause a flashover. Also, the part beyond B has little 


VOLTAGE __ 


TIME 


FLASHOVER VOLTAGE WAVE 


effect since the breakdown has already occurred. - 
Therefore, the section A B has been designated the 
active portion. Symbolically the rate of rise 18 
(Ez — Ea)/(ts — ta) where E and ¢ represent voltage 
has been 
defined as the ratio H'3/E's, but it should be remembered 
that this term is meaningless in itself. It must always 


be accompanied by the characteristics of the wave 
which the active 
dered 


and time respectively. The impulse ratio 


which it corresponds. Only waves in 
portion is on the front of the wave will be const 


in this paper. When this is the case, a chopped wave #8 
the wave ™ 


obtained and the effect of the tail of 
eliminated. ; 

After trying and discarding mo 
systems for the determination of wav 
method was developed. The generator v0 


Fig. 1-—ILLUSTRATING THE ActitvE PoRTION OF AN IMPULSE © 


st of the know™ 
e front, 2 DEN 


4 


reduced by means of a resistance potentiometer, and 
the low-voltage wave is impressed upon a Geneon 
line. Here, the wave is chopped with a sphere gap 
resulting in a wave of the general form shown in Fig i‘: 
The chopped wave travels along the line and is ‘i 
pressed on a resistance capacitance circuit. From 
measurements of the chopped wave voltage and of the 
condenser voltage, the wave form can be calculated 
This is a step by step method and necessarily long and 
tedious. Hundreds of voltage applications must be 
made for the determination of a given wave, and the 
method is valid only for the front of the ere Check 


FE ay 
1G. 2—STREAMER FORMATION PRECEDING BREAKDOWN OF 
AN AtR-GApP 


tests with the cathode ray osci i 
scillo 
correctness. © : ie Ae es 


PRELIMINARY TESTS 
One of the first effects noticed was that the nature of 


_ the flashover of a string of insulators chan 

_ perceptibly with different types of Ng rab 
: - When the active portion was at the crest of a 
. e or even on the front of a slowly rising wave the 
as. eens cleared all or nearly all the insulators. 
ie breakdown occurred on the front of a steep 
| Pete e are formed between the metal parts of the 
= oe cascading the string. Even with many 
. : arcing rings and horns, cascading resulted 
Bes 2 eep waves. were applied. In designing arcing 
:. or an insulator string, the first consideration is to 
“sure that all ares will take place between the rings. 


a same time it is desirable to maintain or increase 
ashover voltage of the string by improving the 


: 4 ie along the string. However, the flashover 
| ge between rings under all conditions must be less 


h : 
an that of the string with improved gradient. Ob- 
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viously, from the above, the most difficult condition to 


satisfy is the prevention of cascading with rapidly 
rising voltages, and this really includes all others. 
We' can now summarize the factors involved in a 
study of the surge flashover of insulators, as follows: 
the characteristics 6f the applied voltage, the break- 
down of air at atmospheric pressure, the electrostatic 


field or voltage ‘stress distribution, and hence, the 


nature of the electrodes. 


BREAKDOWN OF AIR 


_ Laboratory experiments have furnished considerable 
information on this subject. The suppressed dis- 
charge,’ in which the voltage is reduced suddenly to 
zero before breakdown is completed, shows very clearly 
the ionization processes. The air is left in an ionized 
condition, and the light emitted by recombination or 
by its secondary effects in the ionized sections can be 
seen or recorded photographically. 

The photographs show the effect of extensive ioniza- 


tion especially at the most highly stressed points. 


Here, the stage of thermal ionization? is reached, and 
small white streamers are found growing fon the 
electrodes as in Fig. 2.. Since these streamers already 
have the properties of ares,’ they can be regarded: as 
needle electrodes extending into the field. \ Therefore, 


the gradient at their tips will be very high, resulting in . 


rapid growth. As the streamers grow, the effective 
gap length is reduced and their development is 
accelerated. This process continues until the entire 
gap is spanned by the streamers. When this stage is 
reached, the gap is said to be broken down. 

Thus, it is seen that the breakdown of air is a pro- 
gressive process, and it requires a finite time or progresses 


at a finite speed. The speed of formation of the. 


streamers depends upon the field through which they 
progress. Preliminary time lag tests with various 
types of fields have shown that the speed of formation 
is a function of the field distribution. The more homo- 
geneous the field, the faster the streamers will develop 

since, under these conditions, higher gradients at a 
tips of the streamers are possible. For instance, the 
streamers grow much faster in the uniform field of a 
sphere gap than in the non-homogeneous field of a 
needle. gap. Since a definite time is required for the 
streamers to grow, in the breakdown of any gap, there 
is a. definite time lag. <A typical breakdown curve is 
shown in Fig. 8. The faster the applied voltage rises 

the higher is the value that it will reach before Brealee 
down occurs; and for the slower rates of rise, the break- 
down voltage approaches the 60-cycle or static value. 

The nature of the time lag curve of an air gap depends 
upon the uniformity of the electrostatic field, and 

therefore, upon the gap electrodes. | 


BREAKDOWN OF INSULATORS 
The flashover of a string of insulators is not as simple 
a process as the breakdown of air between electrodes. 
A knowledge of the electrostatic field and of the stress 
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distribution along the string is necessary. Calculations. 
based upon the potential theory advanced by Ollendorf* | 
have been made and checked in the laboratory. Ollen-— 
dorf replaces the insulator string by two spheres of 
suitable diameter, one representing the line insulator, 
and the other the ground insulator. He neglects the 
effect. of the intermediate insulators upon the field 
by. considering that their charges are bound. Thus, the 


effect of any charge is nearly neutralized by an equal 


and opposite charge displaced no more than the length 
of an insulator. Below breakdown values, voltage 
distribution curves: calculated with these assumptions 
check closely with experimental curves. Fig. 4 shows 
the distribution on a plain string of seven suspension 
insulators raised to breakdown potential. Most of the 
stress is across the two units adjacent to the line. The 
seventh or line unit is stressed well above its breakdown 
value. However, there is a current between the porce- 
lain sections of the string tending to equalize thestresses 
across the units. This is a conduction current through 
the air, and the maximum possible current density 


VOLTAGE 


C0 Cycle Crest Flashover 


TIME 
Fig. 3—Typica, BREAKDOWN CURVE OF AN AIR-GaAP 


without thermal ionization is low. Since time is_ 


required to transfer the charge, the average rate of 
voltage rise determines the equalization effect of this 
current. Therefore, with a rapidly applied voltage, 
one insulator will reach its breakdown value before the 
other units of the string. Streamers will start to form 
around this highly stressed unit. When it is shunted 
by streamers, its potential will be thrown across the 
remaining units causing a new voltage distribution. 
The process continues at an increasing rate until the 
breakdown is completed. A time lag or breakdown 
curve similar to that of an air gap exists for the flashover 
of an insulator string. | 


ARCING RINGS 

We may now consider .a typical insulator string 
equipped with arcing rings. Data on. a seven unit 
string equipped with 19-in. diameter rings of 14-in. 
diameter material are available. The rings were 
‘located 3.8 in. from either end of the 39-in. string. 
Surges with a rate of rise greater than a certain critical 
value invariably cascaded the string. Surges with 
lower rates of rise struck bevween the rings. The 
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a 


comparative breakdown curves may be constructed | 
in Fig. 5. Since the rings have a lower 60-cycle break. 4 
down value, the active portion of a given waye a 4 
reached at a lower voltage for the rings than for the 4 
insulators. The curves must cross at.a point corre. 
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sponding to the critical rate of rise. It will. be noticed 
that, for slowly rising waves, the active portion for the 
insulators may not bereached. 

The following physical explanation may be made. 


VOLTAGE 
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“60 Cycle Crest Flash 


TIME 


5—CoMPARATIVE BREAKDOWN CURVES FOR AN IN- 
SULATOR STRING (6b), AND FOR AN ArrR-GAP_ 
Between Arcitne Rings (a) 


Fia. 


For slow rates of voltage rise, the streamers forming 
from the rings span the entire gap before the active 
portion for the insulators has been reached. For 
moderate rates of voltage rise, the potential on the 
insulators reaches the active or streamer forming 
portion of the wave, but not until the ring streamers" 
have almost completely spanned the gap. — For rapidly 


~ 


_..- TOROK AND RAMBERG: IMPULSE FLASHOVER OF INSULATORS Transactions A. I. E. E. 


rising voltages, the ring ‘streamer development is 
| sufficiently slow to permit the insulator potential to rise 


above breakdown value. Hence, the insulator stream- 
ers develop into a cascading breakdown. 


The rapidity of the insulator streamer development » 


may be explained with the aid of potential distribution 
curves. For strings equipped with arcing rings, 
Ollendorf’s theory has to be extended. Each ring is 
replaced by a ring of charges coinciding with the center 


of the arcing ring. Then, the charge distribution for 


rings and insulators that will satisfy all mutual effects 
and maintain the parts at their proper potentials is 
calculated. Fig. 6 shows the potential distribution 
for the same arcing ring arrangement as above. The 
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distribution has been improved considerably over that . 


of the plain string (Fig. 4). The most highly stressed 
unit is now No. 6, the second unit from the line end. 
Under a high voltage surge, streamers will form across 


this unit and throw its potential across the remaining 


units giving a new distribution as in Fig. 7. Units 5 
and 7 are now stressed above breakdown value and will 
flash over. simultaneously. Further analysis is im- 
possible because of the changes in charge distribution, 
but it is probable that the remaining units will break 
down in pairs. Thus, the effective streamer develop- 
ment around the insulators is accelerated to such an 
extent that its growth is faster than that of the arcing 
ring streamers. Fig. 8 is a photograph of this type of 


breakdown on an eight unit string. ‘The top insulator 


has already flashed over while units 2 and 4 are in the 


process of breaking down. The streamer formation 


from the rings is apparent. 


; Kia. 


Since it is possible to calculate the potential at any 
point around the rings, the gradients can be determined. — 
Calculated gradients along the line between rings and 


_ along the units of the string are shown in Fig. 9. In 


this case the maximum gradients are at the surfaces of 
the arcing rings. Hence, the streamers will develop 
from the rings and meet in the middle of the field. _ 
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After unit six has flashed over 


S—SuUPPRESSED DiscHaRGE ILLUSTRATING THE SIMUL- 
‘TANEOUS BREAKDOWN OF Two UNITS 


Another important factor in the problem will now 
be considered. Assume that a string of insulators 
equipped with arcing rings as in Fig. 10 is subjected to an 
impulse voltage above the breakdown value. The 
metal parts of each insulator in the string will be raised 
to corresponding potentials, and a definite difference of 
potential or electric field will exist between each part 
of the string and each arcing ring and between the 
arcing rings. The gradient is highest at the ring 
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surface, and ionization will begin and the streamers will 
start to form at this point. There are two distinct 
components to the forces on the streamers, a ring-to- 
ring component and a ring-to-insulator-string compo- 
nent. These cause the streamers to branch out. The 
action is complicated by a progressive change in the 
field due to the conductivity of the streamers. How- 
_ ever, the relative values of the components determine 
the rapidity with which the branches develop, and 
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Fic. 9—Vo.ttrace Grapients AT BREAKDOWN ON A SEVEN 
Unit InsuLATOR STRING EQUIPPED WITH ARCING RINGS — 


therefore, whether the arc passes directly between the 
arcing rings or is drawn into the insulator string as 
shown. 

Laboratory experiments indicate that the streamers 
upon formation are fairly high in resistivity, and prob- 
ably only a part of the charge is transferred to their tips. 
For this reason, the streamers of opposing electrodes 
will have less effect upon each other than might be 
expected. However, as the streamer progresses, the 
insulator-streamer component increases due to the 
relatively higher potential of the insulators at this 
point. This effect is increased further under steep 
surges by the unbalanced rise of potential on the insu- 
lators. A slight bending of the streamer toward the 
insulators produces an increase in the streamer-insu- 
lator component which forces the streamer to develop 
still further in toward the insulators. Thus, a slight 
bending or branching of the streamers in the early 
stages of flashover will result in a cascading or partial 
cascading flashover. This point is particularly im- 
portant for long strings such as 220-kv. transmission 
line insulation. | | 3 
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_ We may now determine the effect of various physica] _ 


arrangements of the arcing rings upon their flashovey 
characteristics. It is obvious that a homogeneous field 
between the rings is desired to speed up the streamer 
formation. The nearer the surface of the ring ap. 
proaches that of a sphere, the more uniform the fielq 
will be. Therefore, the ring must be made of relatively 
large diameter material. To prevent the streamers 
from being drawn into the string, a ring of relatively 
large radius must be used. To aid in obtaining these 
results the spacing or distance between the rings can be 
reduced, and this is usually necessary. However, due 
to the improvement in voltage distribution along the 
string resulting from the grading effect, a flashover 
voltage comparable to that of the plain string can be 
maintained. Obviously, the grading effect is lessened 
by an increase in ring radius, and the most desirable 


Fig. 10—Surge FLASHOVER OF AN INSULATOR STRING WITH 
IMPROPERLY APPLIED ARCING RINGS 


arrangement for a particular application will be a 
compromise. 


~ ARCING HORNS_ 


The arcing horn has characteristics similar to the 
needle gap. The stress distribution between opposing 
horns is very poor, since the section surrounding the 
horn tips has a relatively high gradient. Through a 
field of this nature the streamers will develop slowly, 
and the potential across individual units will have me 
to build up and cause cascading. To overcome this 
sluggishness of operation, the distance between the 
tips must be reduced considerably. This adj ustment 
is doubly effective; the point at which breakdown 


begins or streamers start to form is lowered, and the | 
breakdown distance is reduced. However, decreasing = 


the spacing has the serious disadvantage that the 
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insulation of the line is lowered. When an arc exists, 


it must terminate at the horn tips and is quite likely to 


be blown into the insulators. | | 
The characteristics of the arcing ring are inherently 
much better.. The stress distribution is uniform per- 


mitting the streamers to grow rapidly. Consequently, 


spacings which do not lower the line insulation can be 
maintained. When an arc occurs between rings, it can 
travel around the rings. Hence, there is little chance 
of the arc being blown into the insulator string. 


TESTS 


Test data on various arcing ring arrangements have — 


been accumulated. Standard suspension insulator 
units 10 in. in diameter by 55 in. spacing were used 
in the tests. Rings of 4 in. diameter copper were first 


used to facilitate variation of the ring diameter and — | 


ring to ring spacing. The average rate of rise of the 
active portion of the generated wave was 7000 kv. per 
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microsecond. This is somewhat steeper than lightning © 


produces on transmission lines, as indicated by available 
data.1 However, extensive measurements of voltage 
or wave form were not made. _ 3 
First, the rings were set at a definite spacing, that is, 
a definite percentage of the string length. The radius 
of the rings was increased until cascading ceased 
entirely with repeated voltage application. Thus, the 
minimum ring radius for a given spacing was obtained. 
Similarly, the maximum spacing for a given ring radius 
was determined. Fig. 11 where critical ring spacings 
and ring radii are plotted in terms of the string length, 
Shows graphically the results of such a test for a seven 
unit string. The curve divides the cascading and non- 
cascading regions. Thus, in order to keep the ring 
Spacing or flashover distance above 90 per cent of the 
length of the plain string, for this particular case, the 
ring radius must be 40 per cent of the length of thestring. 


Where the ring radius is limited by tower clearances, 
the curve gives at once the maximum ring spacing. 
Similar tests were made with ring material of 114-in. 
and 2-in. diameter. The results for the seven unit 
string are shown in Fig. 12. For close spacings the 
larger diameter material is of no advantage. At. 
greater separations the larger diameter material per- 
mits the use of rings of smaller radius. 
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Fig. 13—Arcine Rings DesIGNED For a 16-Unit INSULATOR 


STRING 


With this information arcing rings for any particular 
set of conditions can be designed, as illustrated by the 
following example. Assume a line with seven suspension 
units 38.5 in. in length and with tower clearances which 
limit an arcing ring to a radius of 14.5 in. The ring 
radius is thus 38 per cent of the string length. For 
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two inch diameter material, Fig. 12 indicates that the 
maximum spacing for this ring radius is 96 per cent of 
the string length. To secure a slight margin of safety 
by avoiding the critical cascading point, a spacing of 
90 per cent might be chosen. Thus, the most satis- 
factory arcing rings for these conditions have the 
following dimensions: 


Material diameter........ 2.1n. 
Ring diameter sovpayrrrs: 29 in. 
Rihg spacing}. she eae 5: 35 in. 


In some cases, clearances will not permit, a ring of 
suitable diameter, and an oval or elliptical ring must be 
used. For this type of ring, the sections at the ends of 
the major axis must be made the active or working 
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Fig. 14—StreamMeEeR Formation During BREAKDOWN 


parts. This is accomplished by making the spacing. 


between the active parts less than between the sections 
around the minor axis. Fig. 18 shows oval rings 
designed for a 16 unit string. The are striking sections 
are of large diameter pipe and furnish the minimum 
breakdown distance for the string. Care must be taken 
to avoid abrupt bends in changing from one section of 
the ring to another. Fig. 14 shows the streamer forma- 
tion at the stage close to complete breakdown on the 
same rings. | | 
CONCLUSIONS 

1. The breakdown of air is a progressive process 
requiring a finite period of time for the streamers 
developing from one or both electrodes to span the 
distance between electrodes. The time required is a 
function of the average gradient of the: “eek 


2. The flashover of a string of insulators j is a ‘similar 
though more complicated process. 

3. The nature of the flashover aedent upon the 
rate of rise of the applied voltage. Cascading of the 
units of an insulator string is more likely to-oecur the 
faster the rate of voltage rise. — 

4, Cascading flashovers occur on the applidaeey of 
rapidly rising voltages because of the limited values of 
the leakage and conduction currents which tend ito 
equalize the stress distribution of the units of the 
insulator string. : 

5. The path formed by the surge flashover furnishes 
a low resistance path for the power follow current. 

6. Arcing rings will prevent cascading flashovers 
provided the time lag characteristic curve for break- 
down between the rings is below the corresponding 
curve for flashover of the insulator string. This con- 
dition may be satisfied by conforming to definite 
physical relations between the ring to ring spacing, the 


_ radius of the rings, and the diameter of the ring mate- 
rial, as functions of the length of the insulator string to 
be protected. Furthermore, the radius of the arcing - 
rings must be great enough to prevent the streamers 


from being drawn into the insulator string after they 
have started to form at the active sections of the arcing 
rings. 

7. Arcing horns are unsuitable because of their high 
time lag characteristic, the decrease in flashover voltage 
necessary, and the likelihood of the are being blown into 
the insulator string. | 
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High- Voltage Phencensilirt in Thunderstorms 
BY MARCEL A. LISSMAN: 


 AsBOCIAte, A.I. E. E. 


_ Synopsis.—Lightning phenomena are analyzed in the light of 
laboratory experience with high-voltage phenomena in the atmos- 
phere. Special emphasis is placed on the effect of space charges 
in producing high local stresses when mobilized through channels of 
high. conductivity caused by high temperatures. A detailed analysis 
is included of the. steps through which air at atmospheric pressure 


T \HE electrical quantities ivelvedl in thunderstorms 


are of an order of magnitude different from those 
encountered in ordinary engineering experience. 


In the laboratory, sparks 20 ft. in length, have been 


obtained with an applied potential of 2,000,000 volts, 
60 cycles. Compared with a lightning flash several 
miles in length these results seem puny indeed. Yet the 
results obtained. in. the laboratory enable us to 
analyze the phenomena occurring in nature, and thus 
obtain a clearer mental picture of the mechanism 


_ involved in the formation of lightning flashes. Such a 
procedure should prove of great value in obtaining and 
interpreting evidence relative to lightning to be used in 


determining the most effective means of protection. _ 

It is very desirable to lay particular stress upon the 
chief differences between electrical phenomena in 
thunderstorms and in engineering practise. We are 
ordinarily concerned with complete metallic circuits 


handling large quantities of electricity at constant and 


relatively low voltages for long intervals of time. On 
the other hand, in a thunderstorm the quantities of 
electricity present are small, in the form of isolated 
electric charges located on water drops forming a 
volume distribution of electricity. The masses of the 
water drops are so large compared to their charge that, 


for the duration of a lightning stroke, the distribution 
of electric charges remains fixed. The charged water 


particles are acted upon by the electric field and their 
slow motions give rise to displacement currents. The 
actual velocities attained by the charged particles are 
sufficiently low to enable the wind to do work upon 
them against the electric field and thus raise the poten- 
tial to breakdown of the air, when a lightning flash takes 
place. The voltages present in thunderstorms may be 
extremely high, of the order of 100,000,000 volts, and 


are subject to wide and sudden variations. While the 


quantities of electricity in lightning flashes are small,— 
of the order of 20 coulombs—yet as the time during 


which they are mobilized is short, the current in a flash . 


might rise to 10,000 amperes. The total energy 
released in a lightning flash is not large, but the rate of 
expenditure of this energy may be tremendous. 
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passes sei dnd to aipplied electric stresses, its electric. properties 


- change from those of a non-conductor to those of a highly conducting 


body,—perhaps many times as conducting as a metallic conductor at 
ordinary temperature, —and then again resumes its original non- 


conducting properttes. 
ie, erat Sales nae A 


In order to understand the mechanism of formation 
of a lightning flash it is necessary to have in mind the 
behavior of air at atmospheric pressure when over- 
stressed. For a simple configuration of the electrodes 


mathematical physicists give us expressions for the ‘cur- 


rent in terms of the physical quantities involved. A 
spark is said to pass when the current, as determined by 


the expression, becomes infinite. When the electric 


field is at all complex, the mathematical solution be- 
comes too involyed. Needless to say, it would be 
quite out of the question to determine mathematically 
the particular path to be taken by a lightning flash even 
though the initial configuration of the field were known. 
This particular path depends upon a combination of 
numerous small causes, or guiding circumstances, so that 
it should be possible to show the general tendencies of 
the discharge by the use of statistical methods. 

The conductivity of the atmosphere is due to the 
presence of ions which, when acted upon by an electric 
field, giverise to a displacement current. If it were not 
for these charged particles, air would be a perfect insu- 
lator. Ions are always present in the atmosphere, as 
they are formed spontaneously due to the action of 
traces of radio active matter, cosmic rays, etc. How- 
ever, the conductivity which these sources of ions lend 
to the atmosphere is so small that it has no engineering 
significance. When the saturation current is not 
reached, that is, when the ions are not removed by the 
field as fast as they are formed, then the current 


through the air is proportional to the voltage gradient 


and to the cross-section of the path. In symbols, 
the relation 1 Is ie AGES 
IaG. in sae (1) 
where I is the current, G the voltage gradient, and A 
the cross-section of the path considered.. ; 
Relation (1) represents the behavior of air under low 


voltage stresses. 


When the voltage is gradually raised, the saturation 
current is soon reached. ‘The voltage can then be raised 
considerably without change of current. However, as 
soon as the voltage gradient at some point in the field 


reaches 76 kv. per inch, the current suddenly increases. 


This is due to the cumulative effect of collision ioniza- 
tion. -Ions present in the field are then so accelerated 
between collisions as to possess sufficient kinetic energy 
to produce new ions when they collide with neutral 
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